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Foreword
We are at the threshold of a new era in cancer treatment and diagnosis, brought about by the

convergence of two disciplines—materials engineering and life sciences—that 30 years ago might

have been difficult to envision. The product of this curious marriage, nanobiotechnology, is yielding

many surprises and fostering many hopes in the drug-development space. Nanoparticles,

engineered to exquisite precision using polymers, metals, lipids, and carbon, have been combined

with molecular targeting, molecular imaging, and therapeutic techniques to create a powerful set of

tools in the fight against cancer. The unique properties of nanomaterials enable selective drug

delivery to tumors, novel treatment methods, intraoperative imaging guides to surgery, highly

sensitive imaging agents for early tumor detection, and real-time monitoring of response to

treatment.

Using nanotechnology, it may be possible to leap over many of the hurdles of cancer drug

delivery that have confounded conventional drugs. These hurdles include hindered access to the

central nervous system through the blood–brain barrier, sequestration by the reticulo-endothelial

system, inability to penetrate the interior of solid tumors, and overcoming multi-drug resistance

mechanisms. These obstacles can be mitigated by manipulating the size, surface charge,

hydrophilicity, and attached targeting ligands of a therapeutic nanoparticle.

The novelty of using nanotechnology for medical applications presents its own challenges,

similar in many ways to the challenges faced by the introduction of the first synthetic protein-based

drugs. In the early 1980s, protein-based drugs offered an entirely new approach to targeting and

treating disease. They could be “engineered” to be highly specific and even offered the capability of

separating the targeting and therapeutic functions of a drug, such as when monoclonal antibodies

are conjugated to cytotoxic agents. But monoclonal antibodies and recombinant protein-based

drugs necessitated a different approach to lead optimization, metabolism, and toxicity screening

from that of small-molecule drugs. Factors such as stability, immunogenicity, and species

specificity had to be considered and tested in ways that were not familiar to the developers of

traditional drugs.

Nanotechnology-based drugs will catalyze a reevaluation of optimization, metabolism, and

toxicity-screening protocols. Interactions between novel materials and biological pathways are

largely unknown but are widely suspected to depend heavily on physical and chemical

characteristics such as particle size, particle size distribution, surface area, surface chemistry

(including charge and hydrophobicity), shape, and aggregation state—features not usually

scrutinized for traditional drugs. Standard criteria for physicochemical characterization will have to

be established before safety testing can yield interpretable and reproducible results.

Would nanotechnology-based drugs be successful? All drugs have to run an obstacle course

through physiological and biochemical barriers. For monoclonal antibody drugs, only a minute

portion of an intravenously administered drug reaches its target. However, drugs based on

nanomaterials, including nanoparticles, have unique properties that enable them to specifically bind

to and penetrate solid tumors. Size and surface chemistries can be manipulated to facilitate

extravasation through tumor vasculature, or the therapeutic agent can be encapsulated in polymer

micelles or liposomes to prevent degradation and increase circulation half-life to improve the odds

of it reaching the target.

This level of functional engineering has not been available to either small-molecule or protein-

based drugs. For these drugs, modification of one characteristic, such as solubility or charge, can

have dramatic effects on other essential characteristics, such as potency or target specificity.

Nanoparticles, however, introduce a much higher degree of modularity and offer at least four

advantages over the antibody conjugates: (1) the delivery of a larger therapeutic payload per target

recognition event, enhancing potency; (2) the ability to carry multiple targeting agents, enhancing
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selectivity; (3) the ability to carry multiple therapeutic agents, enabling targeted combination

therapies; and (4) the ability to bypass physiological and biological barriers.

We would all like to hasten the day when chemotherapy—the administration of non-specific,

toxic anti-cancer agents—is relegated to medical history. Improvements in diagnostic screening

and the development of drugs that target specific biological pathways have begun to turn the tide

and contribute to a slow, yet consistent decline in death rates. While confirming that early diagnosis

and targeted therapies are pointing us in the right direction, the progress is still incremental.

Nanotechnology may be our best hope for overcoming many of the barriers faced by today’s drugs

in the battle against cancer. The combined creative forces of engineering, chemistry, physics, and

biology will beget new and hopefully transformative options to old, intractable problems.

Piotr Grodzinski, Ph.D.

National Cancer Institute
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Preface
With parallel breakthroughs occurring in molecular biology and nanoscience/technology, the newly

recognized research thrust on “nanomedicine” is expected to have a revolutionary impact on the

future of healthcare. To advance nanotechnology research for cancer prevention, diagnosis, and

treatment, the United States National Cancer Institute (NCI) established the Alliance for

Nanotechnology in Cancer in September 2004 and has pledged $144.3 million in the next five years

(for details, visit http://nano.cancer.gov). Among the approaches for exploiting developments in

nanotechnology for cancer molecular medicine, nanoparticles offer some unique advantages as

sensing, delivery, and image enhancement agents. Several varieties of nanoparticles are available,

including polymeric conjugates and nanoparticles, micelles, dendrimers, liposomes, and

nanoassemblies.

This book focuses specifically on nanoscientific and nanotechnological strategies that are

effective and promising for imaging and treatment of cancer. Among the various approaches

considered, nanotechnology offers the best promise for targeted delivery of drugs and genes to the

tumor site and alleviation of the side effects of chemotherapeutic agents. Multifunctional

nanosystems offer tremendous opportunity for combining more than one drug or using drug and

imaging agents. The expertise of world-renowned academic and industrial researchers is brought

together here to provide a comprehensive treatise on this subject.

The book is composed of thirty-eight chapters divided into seven sections that address the

specific nanoplatforms used for imaging and delivery of therapeutic molecules. Section 1 focuses

on the rationale and fundamental understanding of targeting strategies, including pharmacokinetic

considerations for delivery to tumors in vivo, multifunctional nanotherapeutics, boron neutron

capture therapy, and the discussion on nanotechnology characterization for cancer therapy, as well

as guidance from the U.S. Food and Drug Administration on approval of nanotechnology products.

Section 2 focuses on polymeric conjugates used for tumor-targeted imaging and delivery, including

special consideration on the use of imaging to evaluate therapeutic efficacy. In Section 3, polymeric

nanoparticle systems are discussed with emphasis on biodegradable, long-circulating nanoparticles

for passive and active targeting. Section 4 focuses on polymeric micellar assemblies, where

sophisticated chemistry is applied for the development of novel nanosystems that can provide

efficient delivery to tumors. Many of the micellar delivery systems are undergoing clinical trials in

Japan and other countries across the globe. Dendritic nanostructures used for cancer imaging and

therapy are discussed in Section 5. Section 6 focuses on the oldest nanotechnology for cancer

therapy—liposome-based delivery systems—with emphasis on surface modification to enhance

target efficiency and temperature-responsive liposomes. Lastly, Section 7 focuses on other lipid

nanosystems used for targeted delivery of cancer therapy, including nanoemulsions that can cross

biological barriers, solid-lipid nanoparticles, lipoprotein nanoparticles, and DQAsomes for

mitochondria-specific delivery.

Words cannot adequately express my admiration and gratitude to all of the contributing authors.

Each chapter is written by a world-renowned authority on the subject, and I am deeply grateful for

their willingness to participate in this project. I am also extremely grateful to Dr. Piotr Grodzinski

for providing the Foreword. Drs. Fredika Robertson and Mauro Ferrari have done a superb job in

laying the foundation by providing a chapter entitled “Introduction and Rationale for

Nanotechnology in Cancer.” I am grateful to Professor Kinam Park at Purdue University,

Professor Robert Langer at MIT, and Professor Vladimir Torchilin at Northeastern University, who

have been my mentors and collaborators, as well as many other researchers from academia and

industry. Special thanks are due to the postdoctoral associates and graduate students in my

laboratory at Northeastern University who have been the “soldiers in the trenches” in our quest to

use nanotechnology for the targeted delivery of drugs and genes to solid tumors. Lastly, I am deeply
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grateful to the wonderful people at Taylor & Francis-CRC Press, including Stephen Zollo, Patricia

Roberson, and many others, who have made the concept of this book into reality.

Any comments and constructive criticisms of the book can be sent to the editor at

m.amiji@neu.edu.
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Editor
Dr. Mansoor M. Amiji received his undergraduate degree in pharmacy from Northeastern

University in 1988 and his PhD in pharmaceutics from Purdue University in 1992. His areas of

specialization include polymeric biomaterials, advanced drug delivery systems, and nanomedical

technologies.

Dr. Amiji’s research interests include the synthesis of novel polymeric materials for medical and

pharmaceutical applications; surface modification of cationic polymers by the complexation-

interpenetration method to develop biocompatible materials; the preparation and characterization

of polymeric membranes and microcapsules with controlled permeability properties for medical

and pharmaceutical applications; target-specific drug and vaccine delivery systems for

gastrointestinal tract infections; localized delivery of cytotoxic and anti-angiogenic drugs for

solid tumors in novel biodegradable polymeric nanoparticles; intracellular delivery systems for

drugs and genes using target-specific, long-circulating, biodegradable polymeric nanoparticles; and

gold and iron-gold core-shell nanoparticles for biosensing, imaging, and delivery applications. His

research has received sustained funding from the National Institutes of Health (NIH), the National

Science Foundation (NSF), foundations, and local industries.

Dr. Amiji is Professor and Associate Chair of the Pharmaceutical Sciences Department and Co-

Director of the Northeastern University Nanomedicine Education and Research Consortium

(NERC). The NERC oversees a doctoral training grant in nanomedicine science and technology

that was co-funded by the NIH and NSF. He has two published books, Applied Physical Pharmacy

and Polymeric Gene Delivery: Principles and Applications, along with numerous manuscript

publications. He has also received a number of awards, including the 2003 Eurand Award for

Innovative Oral Drug Delivery Research, Third Prize.

Dr. Amiji has supervised the research efforts of over 50 postdoctoral associates, doctoral and

master’s level graduate students, and undergraduate honors students over the last 13 years. His

teaching responsibilities include the Doctor of Pharmacy (PharmD) program and graduate

programs (MS and PhD) in pharmaceutical sciences, biotechnology, and nanomedicine.
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Although there have been significant advances in defining the fundamentals of cancer biology over

the past 25 years, this has not translated into similar clinical advances in cancer therapeutics. One

area that holds great promise for making such advances is the area defined as cancer nanotech-

nology, which involves the intersection of a variety of disciplines, including engineering, materials

science, chemistry, and physics with cancer biology. This multidisciplinary convergence has

resulted in the creation of devices and/or materials that are themselves or have essential com-

ponents in the 1–1000-nm range for at least one dimension and holds the possibility of rapidly

advancing the state of cancer therapeutics and tumor imaging.

This newly developing area of “nanohealth” may ultimately allow detection of human tumors at

the very earliest stages, regardless of the location of the primary tumor and/or metastases, and may

provide approaches to more effectively destroy tumors as well as their associated vascular supplies

with fewer adverse side effects. The chapters within this book describe the most recent cutting-edge

approaches in nanotechnology that are focused on overcoming the multiple barriers that have, in the

past, blocked the successful treatment and ultimate eradication of human cancers.

The majority of nanotechnology-based devices useful for cancer therapeutics have been defined

as nanovectors, which are injectable nanoscale delivery systems.1,2 Nanovectors offer the promise

of providing breakthrough solutions to the problems of optimizing efficacy of therapeutic agents

while simultaneously diminishing the deleterious side-effects that commonly accompany the use of

both single chemotherapeutic agents as well as multimodality therapeutic regimens.

In general, nanovectors are comprised of at least three constituents, which include a core

material, a therapeutic and/or imaging “payload,” and a biological surface modification, which

aids in both appropriate biodistribution and selective localization of the nanovector and its cyto-

toxic and/or imaging agent. Although the first type of molecules used to enhance the selective

localization and delivery of nanovectors were antibodies, more sophisticated recognition systems

have been devised as a result of our expanding knowledge base in cancer biology.

For example, while the biological and molecular characteristics of human tumors of different

origins continue to be defined and exploited for cancer therapeutics and tumor imaging, the signi-

ficance of blood vessels that develop around actively growing tumors as potential therapeutic
3
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Nanotechnology for Cancer Therapy4
targets has only been widely recognized and found clinical utility within the past decade.3,4 The

process of tumor-associated angiogenesis is now known to be an essential component of tumor

expansion and metastasis. This realization and the accompanied potential for development of

successful cancer therapeutics, as well as for tumor imaging strategies based on tumor-associated

vasculature, has opened new doors for the application of nanotechnology in cancer therapeutics.

Additionally, the molecules that drive the process of tumor angiogenesis may provide a means to

gauge the timing and extent of individual patient responses to cancer treatment, which can also be

monitored using nanovector approaches. The importance of tumor neovasculature in cancer nano-

technology is highlighted throughout the chapters in Nanotechnology for Cancer Therapy.

One of the most important characteristics of nanovectors is their ability to be functionalized to

overcome barriers that block access of agents used for treatment of tumors and for imaging of

tumors and their associated vasculature. These biological barriers are numerous and complex. One

such barrier is the blood–brain barrier, which prevents access to brain malignancies, compounding

the difficulties in their successful treatment. One example of the potential utility of nanovectors in

overcoming this biobarrier, which is critical to treatment of malignant brain tumors, is the use of

nanoparticles in combination with boron neutron capture therapy (BCNT). The current approaches

used for BCNT combining nanoparticles and the potential for this nanotechnology-based approach

to treatment of brain tumors is described in detail in a chapter in Nanotechnology for Cancer

Therapy. Additional biobarriers that must be overcome include epithelial–endothelial cell barriers,

the barriers presented by the markedly tortuous structures that are characteristic of angiogenic

vasculature associated with tumors, as well as the barrier set up by the rapid uptake of nanovectors

by resident macrophages within the reticuloendothelial system (RES) which may prevent nano-

vectors from reaching their targeted location.

To achieve breakthrough advances in cancer therapeutics, there are two related and essential

components which must be addressed. The first issue in successful use of nanovectors is recognition

of the tumor and the second is the ability of the nanovector to reach the site of the tumor and

associated blood vessels. The goal is to preferentially achieve high concentrations of a specific

chemotherapeutic agent, a tumor imaging agent, and/or gene therapies at the site(s) of tumors and

associated vasculature. In addition, nanovectors must be able to deliver an active agent to achieve

effective anti-tumor treatment, or tumor imaging, which is essential for tumor diagnosis and for

monitoring the extent and timing of an individual patient’s response to anti-tumor therapy.

The first nanotechnology-based approach to be used as a means of delivering cancer

chemotherapy was liposomes, which is a type of nanovector made of lipids surrounding a water

core. Liposomes are the simplest form of nanovector and their utility is based on the significant

difference in endothelial structures—defined as fenestrations—between normal vasculature and

tumor-associated vessels. The increase in fenestrations in tumor neovasculature allows the prefer-

ential concentration of liposome-encapsulated anti-tumor agent in close proximity to the local

tumor site, a phenomenon defined as enhanced penetration and retention (EPR), which is

considered to be a characteristic of passive targeting of tumors. Both the passive targeting of

solid tumors as well as approaches for active targeting of nanovectors such as liposomes are

described in the following chapters.

The first studies to demonstrate the proof of principle that liposomes could be used as a

nanovector for effective delivery of an active cancer therapeutic was based on the encapsulation

of the anthracycline antibiotic doxorubicin, which is an effective and commonly used first line

chemotherapeutic agent for both leukemia and solid tumors. Although use of doxorubicin is

associated with dose limiting cardiotoxicity, when anionic liposomes were used to encapsulate

doxorubicin, preclinical studies found that the anti-tumor action of doxorubicin was significantly

enhanced and the cardiotoxicity was significantly diminished.5,6 Liposome encapsulated doxoru-

bicin has now been clearly demonstrated safe and efficacious clinically in such malignancies as

breast and ovarian cancer,7–9 allowing for greater amounts of this agent to be administered than the

recommended lifetime cumulative dose of free doxorubicin, which was 450–550 mg/m2.
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Importantly, liposomes have been shown to be an effective means of delivering a diverse group of

anti-tumor agents such as doxorubicin, as well as the poorly soluble drug paclitaxel.10

As evidenced by the chapters in this volume, interest in improving the use of liposomes for

enhancing the selective localization and delivery of cancer therapeutics to tumors and tumor-

associated blood vessels remains an active area of investigation. Because liposomes can be

modified with respect to composition, charge, and external coating, liposomes remain a versatile

nanotechnology platform, historically serving as the prototypic nanovector.

An approach that was first used with liposome nanovectors that has found utility with other

types of nanovectors is “PEGylation,” a modification of liposome surface characteristics using

poly(ethylene glycol) (PEG), resulting in what has been defined as “sterically stabilized lipo-

somes.” This PEG modification of liposomes provides protection against uptake by resident

macrophages within the RES biobarrier, thus increasing the circulation time of liposome-encapsu-

lated anti-tumor agent, resulting in significantly increased therapeutic efficacy.11

This approach to overcoming rapid uptake and destruction by resident macrophages within the

RES by PEGylation has been used alone or in tandem with other modifications of liposomes to aid

in avoiding or overcoming biobarriers and to more selectively localize nanovectors. For example,

based on the recognition that a wide variety of solid tumors as well as hematologic malignancies

express amplified levels of the folate receptor on their cell surface, liposome nanovectors have been

developed to target folate receptors.12,13 Using the strategy of biomarker-based targeting, folate

receptor targeted liposomes have been shown to not only overcome multidrug resistance associated

with P-glycoprotein that often occurs in human tumors, but also have proven to be antiangiogenic.13

Another means of more selectively localizing liposome-encapsulated anti-tumor agents to tumor-

associated vasculature is to add a cationic charge,10,14 which has been shown to double the

accumulation of anti-tumor drug encapsulated into liposomes selectively within vessels

surrounding tumors. Other approaches to biomolecular targeting have included the use of specific

proteins such as vasoactive intestinal peptide (VIP)15 to target gastric tumors as well as signature

RGD amino acid sequences expressed on the surface of endothelial cells that are associated with

expression of avb3 integrin on angiogenic endothelium.16

In addition to serving as cancer drug delivery systems, liposomes have been shown to be an

effective means for delivery of other agents such as genes and antisense oligonucleotides, and

would allow access of such entities as small interfering RNA.13,17 As an example, peptides such as

cell penetrating peptides (CPPs) have been used to modify liposomes, allowing them to be used as a

means for intracellular drug delivery and delivery of proteins such as antibodies and genes, as well

as providing a window for cellular imaging.17

In addition to liposomes as an example of the prototype of nanovectors, there are many others

now available in the nanotechnology toolbox that are being investigated for use in cancer thera-

peutics and tumor imaging. Polymer-based nanovectors are a specific area of interest in cancer

therapeutics and a number of polymer-based nanovector systems are described in the following

chapters. For the purposes of this volume, polymer-based nanovectors have been subdivided into

several categories, including polymer conjugates, polymeric nanoparticles, and polymeric micelles.

Polymeric conjugates that have been investigated for use as nanovector systems for

delivery of anti-tumor agents include the water soluble biocompatible polymer N-(2-

hydroxypropyl)methacrylamide (HPMA). This polymeric conjugate has been targeted based on

overexpression of hyaluronan (HA) receptors that are present on cancer cells. HPMA–HA polymeric

conjugate drug delivery nanovector systems have been developed to carry a doxorubicin “payload”

and have been shown to have selectivity for endocytosis of the targeted polymeric nanovector to

breast, ovarian, and colon tumor cells, compared to an HPMA polymer with doxorubicin but lacking

the HA targeting conjugate.18,19 Copolymer–peptide conjugates have also been developed as nano-

vectors using HPMA in combination with RGD targeting peptides,20 which molecularly target

radiotherapeutic agents to tumor-associated vasculature, resulting in both antiangiogenic as well

as anti-tumor activity. In addition to serving as nanovectors for delivery of chemotherapy and
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radiotherapy, copolymer nanovectors show promise as agents to deliver biodegradable blood-pool

contrast agents for use with tumor imaging methodologies. Other copolymers that have been used

with gadolinium chelates for improvements in MRI based contrast agents include poly(L-glutamic

acid)21 as well as (Gd-DTPA)-cystine copolymers (GDCP) and (Gd-DTPA)-cystine diethyl ester

copolymers (GDCEP).22,23 As with liposome nanovectors, polymer conjugates can be targeted to a

specific site, can carry a multitude of agents useful for cancer chemotherapeutics, radiotherapy, or

tumor imaging, and their surfaces can be modified using different biological surface modifiers to

enhance selectivity of localization of the nanovector.

Studies focusing on polymeric nanoparticles as nanovectors have included the use of poly(lactic-

co-glycolic acid) (PLGA) and polylactide (PLA) that can be selectively targeted against such surface

receptors as the transferrin receptor on breast tumor cells, as well as can be optimized to avoid

biobarriers such as the RES. In addition, polymeric nanoparticles can be altered to enhance the

intracellular drug concentration once delivered. Polymeric nanoparticles are also mutable for

enhancement of retention at the local tumor site and to combine anti-tumor agents with antiangio-

genesis strategies.24–26 In addition to delivery of anti-tumor agents that are antiangiogenic,

nanovectors such as PLGA and PLA polymers as well as PEGylated gelatin nanoparticles have

been developed. In the case of PEGylated gelatin nanovectors, these have been improved by thiola-

tion to optimize their time in circulation and to enhance delivery of payloads such as non-viral DNA

for gene therapy.25,27–29

Relatively new polymeric nanovectors recently shown to have potential utility in cancer nano-

technology are bioconjugates composed of PLGA polymers and nucleic acid ligands defined as

aptamers.30 Because these nanovectors can be PEGylated and further modified with selectively

targeted approaches directed against such proteins as prostate specific antigen (PSA) which are

present in abundance on the surface of prostatic tumor cells, these nanoparticle–aptamer bioconju-

gates represent a new class of polymeric nanoparticles with promise as multifunctional

nanovectors. Polymeric aptamer bioconjugates are currently being evaluated for their optimization

for use in a large number of systems that may lead to in vivo studies in the near future.31

Another type of nanovector discussed in Nanotechnology for Cancer Therapy includes poly-

meric micelles, which can be defined as self-assembling nanosized colloidal particles with a

hydrophobic core and hydrophilic shell.32 Polymeric micelles have been commonly used in the

field of drug delivery for over two decades. The advantages of these nanovectors include the ability

to encapsulate agents with poor aqueous solubility profiles such as has been observed with the anti-

tumor agent paclitaxel33 as well as with the photodynamic therapy agent, meso-tetratphenylpor-

phine (TPP).34 Other advantages associated with the use of polymeric micelles include the ability to

control both drug targeting using immunotargeting34 and rates of drug release.32,35 The efficacy of

agents encapsulated within polymeric micelle nanovectors occurs via the passive targeting method

defined as enhanced penetration and retention (EPR), which results in diminished adverse side

effects usually observed in normal tissues by administration of cytotoxic cancer

chemotherapeutic agents.

In addition to the utility of polymeric micelles for delivery of anti-cancer agents,32–35 these

nanovectors are also described as an effective means for the combined delivery of anti-tumor agents

as well as simultaneous tumor imaging using focused ultrasound imaging. This makes it possible to

non-invasively penetrate tumors that are typically difficult to access, such as with ovarian cancer.36

Polymeric micelles have also found usefulness as multifunctional nanovectors that are both visible

to MRI imaging modalities using RGD-based targeting of the tumor-associated vasculature

combined with drug delivery. Other approaches using polymeric micelles have focused on targeting

the acidic extracellular pH of the tumor microenvironment.37 Polymeric micelles have also been

evaluated for delivery of antisense oligonucleotides using folate receptor targeting strategies.38

Although polymeric micelle nanovectors have been used as strategies for drug delivery, it is clear

that they continue to have promise in cancer nanotechnology.
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Another class of nanovectors described in the following chapters is dendrimers, which are self

assembling synthetic polymers possessing tunable nanoscale dimensions that assume confor-

mations that are dependent upon the microenvironment. The development of polymeric micelles

preceded the development of dendrimers. However, due to the characteristics of dendrimers as

“perfectly branched monodispersed macromolecules,”39 this class of nanovectors may be suitable

as exquisitely sensitive carriers for defined release of anti-tumor agents, as well as very useful for

targeted delivery of such molecules as contrast agents for tumor imaging.

Dendritic nanocarriers have been evaluated for their capability to serve as nanovectors for

delivery of drugs and for plasmid DNA, suggesting that dendrimer nanovectors may be useful

for gene therapy.40 Like liposomes, dendrimers can also be modified by PEGylation41 to increase

their bioavailability and half-life in the circulation. Dendrimers have been shown to be suitable for

enhancing the solubility of drugs, and to have suitable profiles for controlled delivery as well as

selective delivery of drugs such as flurbiprofen that are active within a local site of inflammation.42

Although dendrimers that have been evaluated for potential utility in cancer therapeutics have

primarily been composed of polyamidoamine (PAMAM), there are also gold/dendrimer nanocom-

posites43 and silver/dendrimer nanocomposite materials44 that have been developed and are

currently being evaluated for their comparative chemical and biological characteristics with

potential utility as biomarkers, as well as for use in cancer therapeutics, tumor imaging, and

radiotherapy.

The varied nature of nanovectors covered in Nanotechnology for Cancer Therapy is illustrated

by such novel classes of nanocarriers as DQAsomes, which are mitochondrial-targeted nanovectors

capable of delivery of anti-cancer drugs as well as carriers of gene therapy directed against this

organelle.44,45 The development of this nanovector delivery approach is based on the relatively

recent realization that a number of genetic disorders associated with defects in oxidative metab-

olism are associated with genetic defects in mitochondrial DNA, with a significant lack of available

therapies. While the majority of nanovectors target tumors and/or tumor-associated vasculature, the

DQAsomes are composed of derivatives of the self-assembling mitochondriotropic bola-amphi-

phile dequalinium chloride, which forms cationic vesicles which can bind and transport DNA to

mitochondria in living mammalian cells.44

Another approach using selective targeting of more classically used characteristics of cancer

cells includes the development of lipoprotein nanoparticles as delivery vehicles for anti-cancer

therapy.46 These high density lipoprotein (rHDL) nanoparticles are composed of phosphatidyl-

choline, apolipoprotein A-1, cholesterol, and cholesteryl esters with encapsulated paclitaxel.

They were shown to be useful as a nanovector for anti-tumor drug delivery based on the ability

of cancer cells to selectively acquire HDL, while the use of these nanovectors decreased the side

effects normally observed with this type of anti-tumor therapy.

Given the wide variety of nanovectors and nanoplatforms, Nanotechnology for Cancer Therapy

cannot possibly cover each nanoscale application that has potential for use in anti-tumor therapy

and tumor imaging. One nanoplatform that should be mentioned is the so-called “quantum dots”

(Q-dots) that have recently received wide attention. Although cadmium and selenium crystalline

nanovectors were first used over two decades ago, Q-dots have recently received attention for their

utility as tunable multicolor nanoparticles that can be used for in vivo tumor imaging in animal

models of cancer as well as for multiplex detection of mRNAs and proteins. Although the current

composition of the Q-dots nanovectors prohibits their clinical use for cancer therapy, there is

significant promise for the potential for development of biocompatible nanovectors which are

tunable to wavelengths useful for tumor imaging. They may provide the ability to selectively

target tumors as well as serve as multifunctional nanovector devices for cancer therapy,

imaging, diagnostics, and monitoring of response to anti-tumor therapy.

Although the development of nanoplatforms for cancer therapeutics is a critical component to

the successful use of nanovectors for anti-tumor therapy and tumor imaging, there are other neces-

sary components for nanoplatforms to gain clinical acceptance. One such parameter is the necessary
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infrastructure to characterize nanoplatforms and to ensure that the rapid translation of discoveries in

this area proceeds from preclinical to clinical use. The recognition by the National Cancer Institute

(NCI) that nanodevices and nanomaterials will be critical in making significant advances in

imaging, diagnosis, and treatment of human tumors has lead to the development of The Nanotech-

nology Characterization Laboratory (NCL). This laboratory provides critical support to the NCI’s

Alliance in Nanotechnology for Cancer. The role and function of the services provided by NCL is

supported by the NCI, and works in concert with the National Institute of Standards and Tech-

nology (NIST) and the U.S. Food and Drug Administration (FDA). The NCL provides a valuable

service to those investigators working in the area of cancer nanotechnology and performs precli-

nical efficacy and toxicity testing of nanoscale devices and materials. The goal of the NCL is to

support the rapid acceleration of preclinical development of nanovectors to support IND application

and subsequent clinical trials.

The continued development and ultimate success of nanotechnology-based strategies for cancer

therapeutics, imaging, and tracking patient therapeutic response will be dependent upon a number

of parameters. A multidisciplinary approach to achieving success in cancer nanotechnology is

absolutely necessary. While remaining grounded in our basic knowledge of the known targets

that are critical for localization of multifunctional nanovectors to the tumor and surrounding

tissue, researchers must be aware of new targets that have been identified as being critically

involved in the response of tumors and tumor vasclulature to anti-tumor agents, and to recognize

and take full advantage of known targets such as surface receptors that are amplified on tumor cells

as well as recognize and incorporate newer targets such as mitochondrial DNA and HDL uptake.

For example, while researchers continue to identify novel means to functionalize nanovectors to

eliminate biobarriers that historically have limited access to tumors and their associated angiogenic

vasculature and stroma, we will still need to produce and test multifunctional nanovectors capable

of selective localization and delivery of agents that function both as cytotoxic agents as well as

imaging agents.

Because the size of nanodevices and nanomaterials is similar to that of naturally occurring

components of cells, including surface receptors, organelles such as mitochondria, lipoproteins, and

other, as yet unidentified molecules such as siRNA, microRNA, genes, and unknown proteins,

nanodevices and nanomaterials can easily interface with biological molecules. The mutability of

nanotechnology platforms has allowed their rapid introduction into the field of basic cancer biology

and the specialty of oncology. The approaches described in the chapters within Nanotechnology for

Cancer Therapy range from liposomes, which are among the first and the simplest nanovectors to

be used for delivery of cytotoxic drugs, to advanced nanoscale devices for use as imaging contrast

agents in conjunction with ultrasound and magnetic resonance imaging (MRI). Each of the nano-

technology approaches described in this book will be absolutely necessary to achieve significant

breakthroughs in cancer therapeutics. It is truly an exciting time to be an integral part of this field as

these discoveries in cancer nanotechnology are made and put into practice with the goal to use

nanovectors and nanotechnology platforms to significantly impact cancer morbidity and mortality

in the next decade.
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2.1 INTRODUCTION

A solid tumor comprises two major cellular components: the tumor parenchyma and the stroma; the

latter incorporating the vasculature and other supporting cells. As the tumor grows, in order to meet

the metabolic requirements of an expanding population of tumor cells, the pre-existing blood

vessels become subject to intense angiogenic pressure. Several factors produced by tumor cells

and infiltrating immune-competent effector cells in the tumor parenchyma are believed to signal the

development of new capillaries from the pre-existing vessels by capillary sprouting and/or dysre-

gulated intussusceptive microvascular growth.1 Further, in many solid tumors, endothelial cells

destined to create new vessels are recruited not only from nearby vessels, but also to a significant

extent from precursor cells within the bone marrow (so-called endothelial progenitor cells),

a process referred to as “vasculogenesis.”2

Scanning electron microscopy of microvascular corrosion casts has allowed visualization of the

geometry of blood vessel architecture in solid tumors. From these studies, it has become apparent

that tumor blood vessels are highly irregular and show gross architectural changes that differ from

those in normal organs and from newly formed blood vessels, such as those found in wound healing

and in other angiogenic sites.1,3 For instance, the thickness of a tumor blood vessel wall is poorly
11
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correlated to its diameter. Therefore, despite the large size of some tumor vessels, the tumor blood

flows is chaotic, with high flow rates in some segments and stagnation in others.1 Also, the blood

flow may temporarily change direction within individual tumor vessels.

Further, the structure and organization of the endothelial cells, pericytes, and vascular basement

membrane of tumor vessels are all abnormal.1,3–6 One consistent abnormality of tumor blood vessels

is their high permeability to macromolecules, arising from irregularly shaped and loosely inter-

connected endothelial cells (where the size of fenestrae often ranges from 200 to 2000 nm) and their

less frequent and intimate association with pericytes and the vascular basement membrane.1,3–5

Marked variability has been noted in endothelial permeability among different tumors, different

vessels within the same tumor, and during tumor growth, regression, and relapse. The extent of

tumor blood vessel permeability is also controlled by the host microenvironment, and increases with

the histological grade and malignant potential of tumors.7,8

Given the potency and toxicity of modern pharmacological agents, tissue selectivity is a major

issue. In the delivery of chemotherapeutic agents to solid tumors this is particularly critical,

since the therapeutic window for these agents is often small and the dose–response curve steep.

Therefore, the idea of exploiting the well-documented vascular abnormalities of tumors, restricting

penetration into normal tissue interstitium while allowing freer access to that of the tumor, becomes

particularly attractive.
2.2 BARRIERS TO EXTRAVASATION

As a consequence of temporal and spatial heterogeneity in tumor blood flow, solid tumors usually

contain well-perfused, rapidly growing regions, and poorly perfused, often necrotic areas.1,3 As in

normal tissues, diffusive and convective forces govern the movement of molecules into the inter-

stitium of tumors. However, diffusion is believed to play a minor role in the movement of solutes

across the endothelial barrier in comparison with bulk fluid flow. Examination of pressure gradients

in experimental tumors has suggested that the movement of macromolecules and particulate

materials out of the tumor blood vessels and into the extra-vascular compartment is remarkably

limited. This has been attributed to a higher-than-expected interstitial pressure, in part due to a lack

of functional lymphatic drainage, coupled with lower intra-vascular pressure.3 In addition, inter-

stitial pressure tends to be higher at the center of solid tumors, diminishing towards the periphery,

creating a mass flow movement of fluid away from the central region of the tumor.3 For example,

the measured interstitial fluid pressure in invasive breast ductal carcinoma was 29G3 mm Hg,

compared with 3.0G0.8 mm Hg in patients with benign tumors and K3.0G0.1 mm Hg in patients

with normal breast parenchyma.9 Nevertheless, the lower interstitial pressure in the periphery still

permits adequate extravasation of fluid and macromolecules.

These pathophysiological characteristics have serious implications for the systemic delivery of

not only low-molecular-weight and macromolecular agents, but also particulate delivery vehicles.

Simply enhancing the plasma half-life of these agents (e.g., long-circulating carriers) will not

necessarily lead to an increase in therapeutic effect.10 Furthermore, distribution, organization,

and relative levels of collagen, decorin, and hyaluronan also impede the diffusion of extravasated

macromolecules and particulate systems in tumors.11 Thus, diffusion of macromolecules and

particles will vary with tumor types, anatomical locations, and possibly by factors that influence

extracellular matrix composition and/or structure.
2.3 SELECTED DELIVERY SYSTEMS

2.3.1 LIPOSOMES

Liposomes are perhaps the best studied vehicles in cancer drug delivery, capable of either

increasing the drug concentration in solid tumors and/or limiting drug exposure to critical target
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sites such as bone marrow and myocardium.10,12 For example, Myocete is a liposomal formulation

of doxorubicin (an inhibitor of topoisomerase II) approximately 190 nm in size that was approved

by the European Agency for the Evaluation of Medicinal Products (EMEA) in 2000 for the treat-

ment of metastatic breast cancer. This formulation provides a limited degree of prolonged

circulation when compared with doxorubicin in the free form. Myocete releases more than half

of its associated doxorubicin within a few hours of administration and 90% within 24 h. Similar to

intravenously injected nanoparticulate systems, liposomes are rapidly intercepted by macrophages

of the reticuloendothelial system.10 Hepatic deposition of Myocete could lead to gradual release of

the cytotoxic agent back to the systemic circulation (a macrophage depot system), as well as

induction of Kupffer cell apoptosis.10 Following apoptosis, restoration of Kupffer cells may take

up to two weeks.13 A potentially harmful effect is the occurrence of bacteriemia during the period of

Kupffer cell deficiency. Although Myocete administration decreases the frequency of cardiotoxi-

city and neutropenia compared with free drug,14 there is still controversy as to whether liposomal

encapsulation exhibits equivalent efficacy to doxorubicin.15

Macrophage deposition of intravenously administered liposomes can be markedly minimized

either by bilayer or surface modification.10,16 Regulatory approved examples include DaunoXomew,

a daunorubicin-encapsulated liposome 45 nm in size with a rigid bilayer for HIV-related Kaposi’s

sarcoma, and Doxilw/Caelyxw, a poly(ethylene glycol)-grafted rigid vesicle of 100-nm diameter

with encapsulated doxorubicin for HIV-related Kaposi’s sarcoma and refractory ovarian carcinoma.

As a result of their small size, rigid bilayer, and hydrophilic surface display (as in the case of

Doxilw), these formulations exhibit poor surface opsonization, a process that limits vesicle recog-

nition by macrophages in contact with the blood and consequently prolongs their residency time

within the vasculature.10,16 For instance, Doxilw has a biphasic circulation half-life of 84 min and

46 h in humans. In addition, Doxilw also has a high drug loading capacity; here doxorubicin is loaded

actively by an ammonium sulfate gradient (as doxorubicin sulfate) yielding liposomes with a high

content of doxorubicin aggregates, which remain highly stable within the vasculature with minimum

drug loss.17 Therefore, it is not surprising to see that such liposomal formulations exhibit favorable

pharmacokinetics when compared with the free drug. For example, the area under the curve after

a dose of 50 mg/m2 doxorubicin encapsulated in long-circulating liposomes is approximately

300-fold greater than that of free doxorubicin.17 In addition, clearance and volume of distribution

are reduced by at least 250- and 60-fold, respectively.17 However, as a result of their prolonged

circulation times, alternative toxic reactions have been reported with such vehicles. The most

notable dose-limiting toxicity associated with continuous infusion of Doxilw is palmar–plantar

erythrodysesthesis.17

Following extravasation into solid tumors, long-circulating liposomes often distribute heteroge-

neously in perivascular clusters that do not move significantly and poorly interact with cancer cells.18

Therefore, the efflux of drug must follow the process of liposome extravasation at a rate that maintains

free drug levels in the therapeutic range. The rate of drug release from liposomes not only depends

on the composition of the interstitial fluid surrounding tumors but also on the drug type and encapsula-

tion procedures. The importance of the latter is highlighted by the observation that extravasated

long-circulating cisplatin-containing liposomes (where cisplatin is loaded passively) lack anti-tumor

activity, whereas cisplatin in free form is capable of inserting cytotoxicity.19 This is in contrast to the

effective anti-tumor property of the same liposomal lipid composition containing entrapped doxor-

ubicin. It is believed that nonspecific chemical disruption or collapse of the liposomal pH gradient, that

is used to load liposomes actively with doxorubicin, may trigger doxorubicin release.17

Long-circulating liposomes have the capability to deliver between 3 and 10 times more drug to

solid tumors compared with the administered drug in its free form. If the entrapped drugs are

released from extravasated liposomes, it is very likely that these vesicles inherently overcome

a certain degree of multidrug resistance by the tumor cells. Thus, tumor regression is to be expected

with tumors exhibiting a low resistance factor. With tumors exhibiting higher resistance

levels, due to over-expression of energy-dependent efflux pumps such as P-glycoprotein and
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multidrug-resistance-related protein, alternative approaches are necessary. One effective strategy is

to use long-circulating temperature-sensitive liposomes in conjugation with hyperthermia, but this

approach has limited applicability for visceral and widespread malignancies.20 Others have elabo-

rated on biochemical triggers such as cleaveable poly(ethylene glycol)-phospholipid conjugates to

generate fusion competent vesicles21 and enzyme-mediated liposome destabilization and pore

formation.22–24 Examples of the latter include long-circulating liposomes with attached protease-

sensitive haemolysin22 and pro-drug ether liposomes (e.g., vesicles containing phospholipids with

a nonhydrolyzable ether bond in the 1-position), which are susceptible to degradation by secretory

phospholipases.23,24 For instance, the level of secretory phospholipases (such as the secretory

phospholipase A2) is dramatically elevated within the interstitium of various tumors.

Secretory phospholiapse A2 not only acts as a trigger resulting in the release of encapsulated

cytotoxic drugs from pro-drug ether liposomes, but also generates highly cytotoxic lysolipids

that destabilizes plasma membrane of tumor cells, thereby enhancing their permeability to cyto-

toxic drugs.24

There are several approaches that exploit active targeting of long-circulating liposomes to

tumor cells, where receptor-mediated internalization is strongly believed to bypass tumor cell

multidrug-efflux pumps.10,16,17,25 These strategies utilize tumor-specific monoclonal antibodies

or their internalizing epitopes, or ligands, such as folic acid, which are attached to the distal end

of the poly(ethylene glycol) chains expressed on the surface of long-circulating liposomes. Never-

theless, with such approaches the delivery part is still passive and relies on liposome extravasation.
2.3.2 POLYMERIC NANOPARTICLES

Abraxanee is the only example of a regulatory approved (FDA, USA) nanoparticle formulation for

intravenous drug delivery in cancer patients. It is paclitaxel bound to albumin nanoparticles, with a

mean diameter of 130 nm, for use in individuals with metastatic breast cancer who have failed

combination chemotherapy or relapse within 6 months of adjuvant chemotherapy. This formulation

overcomes poor solubility of paclitaxel in the blood and allows patients to receive 50%

more paclitaxel per dose over a 30-min period.26,27 Unlike Cremophorw EL/ethanol or Tweenw

80-solubilized taxanes, acute hypersensitivity reactions, which are secondary to complement

activation, have yet to be reported following Abraxanee infusion. Albumin nanoparticles seem

to interact with gp60 receptors present on tumor blood vessels that transport the nanoparticles into

tumor interstitial spaces by transcytosis, a process that may partly contribute to the effectiveness of

Abraxanee. However, hepatic deposition (Kupffer cell capture) and processing of a significant

fraction of albumin nanoparticles are most likely to occur. Indeed, after a 30 min infusion

of 260 mg/m2 doses of Abraxanee, faecal excretion accounted for approximately 20% of the

administered dose (ABRAXIS Oncology, A division of American Pharmaceutical Partners, Inc.,

Schaumburg, IL 60173, USA; 2005), thus supporting a role for hepatic handling and biliary

excretion of albumin nanoparticles (or its components).

Nanoparticles assembled from synthetic polymers have also received much attention in cancer

drug delivery.28 One interesting example is doxorubicin-loaded poly(alkyl cyanoacrylate) (PACA)

nanoparticles. In vitro studies have indicated that PACA nanoparticles can overcome drug resist-

ance in tumor cells expressing multidrug-resistance-1-type efflux pumps.29 The mechanism of

action is related to adherence of PACA nanoparticles to tumor cell plasma membrane, which

initiates particle degradation and provides a concentration gradient for doxorubicin, and diffusion

of doxorubicin across the plasma membrane following formation of an ion pair between the

positively charged doxorubicin and the negatively charged cyanoacrylic acid (a nanoparticle

degradation product).29 These observations clearly indicate that drug release and nanoparticle

degradation must occur simultaneously, yielding an appropriate size complex with correct physi-

cochemical properties for diffusion across the plasma membrane. Further developments with

PACA nanoparticles include preparations that contain doxorubicin within the particle core and
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cyclosphorin, an inhibitor of the P-glycoprotein, at the surface.30 Similar to liposomes, long-circu-

lating versions of PACA nanoparticles have also been engineered for passive as well as active

targeting to solid tumors.31
2.3.3 NANOTECHNOLOGY-DERIVED NANOPARTICLES

Nanotechnology is a cross-disciplinary field, which involves the ability to design and exploit the

unique properties that emerge from man-made materials ranging in size from 1 to greater than

100 nm.16 Indeed, the physical and chemical properties of materials—such as porosity, electrical

conductivity, light emission, and magnetism—can significantly improve or radically change

as their size is scaled down to small clusters of atoms. These advances are beginning to have

a paradigm-shifting impact not least in experimental (e.g., thermal tumor killing) and diagnostic

oncology.16,32 Examples include superparamagnetic iron oxide nanocrystals, quantum dots (QDs),

inorganic nanoparticles, and composite nanoshells. The surfaces of these entities are amenable to

modification with synthetic polymers (to afford long-circulating properties) and/or to targeting

ligands. However, a key problem with these technologies is toxicity and is discussed elsewhere.16

Iron oxide nanocrystals are formed from an inner core of hexagonally shaped iron oxide

particles of approximately 5 nm, which express correlated electron behavior; at a high enough

temperature, they are superparamagnetic.33,34 In addition, dextran or synthetic polymers such as

poly(ethyleneglycol) surround the crystal core. Indeed, it is the combination of the small size and

surface characteristics that allow iron oxide nanocrystals, once injected into the blood stream, to

bypass rapid detection by the body’s defence cells and accumulate in tumor sites by extravasation.

Therefore, they are useful for patient selection, detection of tumor progression, and tracking of the

effectiveness of anti-tumor treatment regimens by magnetic resonance imaging (MRI). These

approaches can be extended for site-specific imaging of tumor vasculature with targeting

ligands. In addition, iron oxide nanocrystals can slowly extravasate from the vasculature into the

interstitial spaces, from which they are transported to lymph nodes by way of lymphatic vessels.34

Within lymph nodes they are captured by local macrophages, and their intracellular accumulation

shortens the spin relaxation process of nearby protons detectable by MRI. On magnetic resonance

images, those node regions accumulating iron oxide appear dark relative to surrounding tissues.

Indeed, iron oxide nanocrystals can distinguish between normal and tumor-bearing nodes and

reactive and metastatic nodes.34

QDs are made of semiconductors like silicon and gallium arsenide.35,36 In these particles there

are discrete electronic energy levels (valance band and conduction band), but the spacing of the

electronic energy levels (band gap) can be precisely controlled through variation in size. When

a photon, with higher energy than the energy of the band gap, hits a QD, an electron is promoted

from valance band into the conduction band, leaving a hole behind. Electrons emit their excess

energy as light when they recombine with holes. Since optical response is due to the excitation

of single electron-hole pairs, the size and shape of QDs can be tailored to fluoresce specific colors.

The ability of QDs to tune broad wavelength together with their photostability is of paramount

importance in biological labeling.35,36 Indeed, QDs stay lit much longer than conventional dyes

used for imaging and tagging purposes and therefore have the potential to improve the resolution of

tumor cells to the single cell level by optical imaging as well as determining heterogeneity among

cancer cells in a solid tumor.37–39 Unlike QDs, where optical response is due to the excitation of

single electron hole pairs, in metallic nanoparticles (e.g., gold) incident light can couple to the

plasmon excitation of the metal. This involves the light-induced motion of all valence electrons.36

Therefore, the type of plasmon that exists on a surface of a metallic nanoparticle is directly related

to its shape and curvature; so it is possible to make a wide range of light scatterers that can be

detected at different wavelengths. Composite nanoshells consist of a spherical dielectric core (e.g.,

silica) surrounded by a thin metal shell (e.g., gold). Again, by controlling the relative thickness of

the core and shell layers of the composite nanoparticle, the plasmon resonance and the resultant
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optical absorption properties can be tuned from near-UV to the mid-infrared. Of particular interest

is the ability of near-infrared light (700–1000 nm) to penetrate through tissue at depths of a few cm

with minimal heat generation and tissue damage. Thus, a recent study demonstrated rapid irre-

versible photothermal ablation of tumor tissue in vivo following administration of near-infrared-

absorbing silica–gold nanoshells in combination with an extracorporeal low-power diode laser.40
2.3.4 MACROMOLECULAR AND RELATED DELIVERY

Polymer-based drug delivery systems also favorably alter the pharmacokinetics and biodistribution

of conjugated drugs and accumulate in tumor interstitium following extravasation.41 Examples

include SMANCS (a conjugate of the polymer styrene-co-maleic acid/anhydride and neocarzinos-

tatin for treatment of hepatocellular carcinoma), conjugates of various cytotoxic agents (e.g.,

paclitaxel, doxorubicin, platinate, and campthothecin) with polyglutamate and nonbiodegradable

hydroxypropyl methacrylamide.

Other related polymer-based systems in cancer drug delivery include micelles42,43 and dendri-

mers.44 For example, Pluronicsw (copolymers of ethylene oxide and propylene oxide) are capable

of forming micelles, and some members of Pluronic copolymers can overcome multidrug resist-

ance.42 However, it is becoming clear that Pluronic copolymers can induce complement activation,

even at concentrations below their critical micelle concentration, which may increase the risk

of pseudoallergy in sensitive patients.45

Dendrimers are highly branched macromolecules with controlled near monodisperse three-

dimensional architecture emanating from a central core.44 Polymer growth starts from a central

core molecule and growth occurs in an outward direction by a series of polymerization reactions.

Hence, precise control over size can be achieved by the extent polymerization, starting from a few

nanometers. Cavities in the core structure and folding of the branches create cages and channels.

The surface groups of dendrimers are amenable to modification and can be tailored for specific

applications. Therapeutic and diagnostic agents are usually attached to surface groups on dendri-

mers by chemical modification. For example, a recent study has used tagged-dendrimers for in vivo

evaluation of tumor-associated matrix metalloproteinase-7 (matrilysin) activity.46

Other macromolecular systems for cancer targeting and treatment include various forms of

monoclonal and bispecific monoclonal antibodies against tumor-associated antigens.47 These can

further be coupled to drugs, toxins, enzymes (as in antibody-directed enzyme pro-drug therapy),

cytokines, radionuclides, etc.
2.4 CONCLUSIONS

The chaotic blood flow in tumor vasculature and the heterogeneous vascular permeability of tumor

blood vessels are among the key barriers controlling passive delivery of macromolecular and

particulate delivery systems into the interstitium of solid tumors. Already compromised by

abnormal hydrostatic pressure gradients, compressive mechanical forces generated by tumor cell

proliferation cause intratumoral vessels to compress and collapse, thus creating further barriers for

passive targeting. Interestingly, tumor-specific cytotoxic therapy, reducing tumor cell number, may

result in more efficient delivery by decompressing these same vessels,48 but this enhanced perfusion

could provide a route for metastasis. Pathohysiologoical barriers, however, are not fully developed

in micrometastases, and also pose a lesser problem in the diagnostic oncology as well as in drug

delivery to well-perfused and low-pressure regions in larger tumors. Some of the problems may

possibly be overcome by design of long-circulating multifunctional carriers (carriers that contain

appropriate combinations of cytotoxic agents, diagnostic, and barrier-avoiding components) with

biochemical triggering mechanisms.16 The vascular barrier of the solid tumor is also its Achilles’

heel; the nutritionally demanding tumor cells are entirely dependent upon a functional vasculature.
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For this reason, interest has also been focused on the concept of tumor vasculature as a target rather

than a barrier and is reviewed in this compendium and elsewhere.49–51
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3.1 INTRODUCTION

Nanotechnology has recently become a buzzword in several scientific fields, including the area

of drug delivery,1 and a variety of nanomedicine opportunities have recently been reviewed.2 The

concept of nanoparticles as drug delivery vehicles is not new as reviews on the subject were published

nearly 20 years ago.3 That nanoparticles could be selectively targeted by coating with monoclonal

antibodies provided an early, ground-breaking proof-of-concept that these materials might one day

be effective tools for the diagnosis and treatment of cancers. At their inception, all new technologies
19
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FIGURE 3.1 Integrated potential applications of nanoparticles as visualized by the National Cancer Institute

of the NIH. Nanoparticles, because of their general capacity for multiple modifications as well as their inherent

properties, can have multiple functions relevant to targeting cancers for therapeutic and/or diagnostic purposes.
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appear to have a plethora of possibilities because limitations have not yet become apparent. Sub-

sequent studies that examine the limits of various applications then provide a menu of feasible

applications. This menu can change as new developments of the technology are realized that

allow one to address additional applications. This has certainly been the case for nanotechnology

applications that involve active targeting to cancers for diagnostic and therapeutic purposes.4

Although nanoparticles have shown tremendous promise in facilitating the targeted delivery of

therapeutics and diagnostics to cancers, the composition and size of the particles have inherent

physical and chemical properties that can compromise their capability to localize to and/or treat

cancers because of non-selective cell and tissue uptake. Therefore, active targeting to cancers using

nanoparticles requires consideration of not only unique properties of the cancer that allow for

specific targeting but also attention to issues that minimize non-selective delivery to uninvolved

regions of the body. Methods to overcome functional barriers that limit uptake of materials or

delivery to cancer cells must be also considered. Even with proper consideration of these issues,

successful disposition and targeting to cancers is quite a challenge. Certainly, lack of consideration

of these issues can dramatically increase the risk of serious negative outcomes, particularly when

targeted nanoparticles contain potent cytotoxic agents.

Advantages and disadvantages of specific nanoparticles as well as methods to potentially

correct shortcomings of nanoparticle targeting to cancers will be discussed in this chapter.

Several of the topics raised in this chapter will also be discussed in much greater depth in other

chapters in this text. Specifically, two major strategies of cancer targeting related to nanotechnology

opportunities will be addressed: targeting to cancer cells and targeting to tumors. Attention will be

paid to similarities as well as differences for these two strategies. Targeting cancer cells and tumors

for diagnostic purposes as well as therapy will also be examined. Several applications for nano-

particles have been outlined by the National Cancer Institute (http://nano.cancer.gov) regarding

unmet medical needs in the areas of targeting, imaging, delivery, and reporting agents for cancer

diagnosis and treatment (Figure 3.1). General cellular responses to and fates of nanoparticles that

can affect these potential applications will be discussed as critical aspects of ultimate

clinical success.
3.2 NANOPARTICLE CHARACTERISTICS

Clinical success of nanoparticle-based diagnostics and therapeutics requires proper matching of

particle characteristics. The characteristics of nanoparticles are critically dependent upon the

materials used to prepare the nanoparticle. Nanoparticles can now be readily prepared from a

wide range of inorganic and organic materials in a range of sizes from two to several hundred

nanometers (nm) in diameter. Put in perspective, human cells are typically 10,000–20,000 nm in

diameter. The plasma membrane of these cells is 6 nm in thickness. In most cases, nanoparticles

can be generated to have narrow and defined size ranges. Other chapters in this text will focus on the

physical and chemical characteristics of nanoparticles made from various materials as well as
q 2006 by Taylor & Francis Group, LLC
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methods for their production. Although nanoparticles can be prepared from a wide variety of

materials (inorganic salts, lipids, synthetic organic polymers, polymeric forms of amino acids,

nucleic acids, etc.), this chapter will primarily focus on those prepared from materials that would

be considered sufficiently safe for repeated systemic administrations and/or would be perceived to

have an acceptable safety profile that would warrant use in man. In general, it is desirable for

nanoparticles to be either readily metabolized or sufficiently broken down to produce only non-

toxic metabolites that can be safely excreted. Indeed, tremendous advances have been made in

controlling the chemical nature, degradable characteristics, and dimensions of nanoparticles.

Many of the initial studies examining nanoparticles as delivery tools used particles prepared

from materials such as polyalkylcyanoacrylates (PAA).5 The extreme stability of PAA is both a

positive and a negative. PAA nanoparticles will not be degraded prior to reaching a tissue or cell

target site; however, once they reach that site, it is unlikely that they will be efficiently metabolized.

Therefore, PAA nanoparticles have been extremely useful for initial studies of nanomaterials for

cancer targeting, but an inability to clear PAA nanoparticles presents uncertainties as to their

ultimate toxicological fate. Concerns over repeated PAA nanoparticle administrations in man

and the need for more acceptable materials were highlighted early on.3 One of the biggest concerns

regarding poorly metabolized nanoparticles is that of accumulation and the potential sequelae

associated with such an outcome. In some cases where a limited number of exposures would

occur, one could consider the use of materials that are not readily metabolized by the body. In

the case of certain cancer applications, it might be possible to use materials that otherwise would be

considered to have an unacceptable safety signal following repeat dosing or that have the potential

to accumulate. Therefore, rationales exist for the potential application of nanoparticles prepared

from a wide range of materials, even those that, at first glance, would be considered unacceptable.

Methods of production and composition define nanoparticle characteristics; these charac-

teristics define potential issues (and opportunities) related to biocompatibility, derivitization, and

detection. Nanoparticles can be prepared from a singular subunit that is chemically coupled and

organized in a defined (e.g., dendrimers) or in a more random (e.g., polylactic acid) manner.

Although these materials would not have a defined core, they can be impregnated with compatible

materials and/or chemically modified at their surface. Materials such as glyconanoparticles would

provide one approach where a distinct core with radiating ligands could be positioned using linkers.

In such a case, the solid core, used to anchor each linker used for the attachment of targeting

ligands, could be used to deliver a therapeutic or diagnostic payload. Liposomes are an example of

nanoshell structures that can be loaded internally as well as impregnated within the shell. Many

types of nanomaterials fall into one of these three general structural architectures (Figure 3.2).
(a) (b) (c)

FIGURE 3.2 General schema for three types of nanoparticle structures. (a) Nanoparticles can be formed from

one type of material that can be impregnated with therapeutic or lipophilic imaging reagents (open diamonds)

and modified with targeting ligands (crescents) positioned by chemical coupling through linker moieties. (b)

Metal (or similar) cores (circles can be modified through a linker-targeting ligand system to generate another

type of nanoparticle structure. In this case, it might be possible to use elaborated linkers as an environment

compatible for incorporation of therapeutic or imaging reagents. (c) Shell-type nanoparticles such as liposomes

where an aqueous compartment is enclosed by a bilayer of phospholipids can also be used for the targeted

delivery of hydrophilic therapeutic or imaging reagents (filled hexagons).
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3.2.1 COMPOSITION AND BIOCOMPATIBILITY

Biological organic polymers can be formed from amino acids to form peptides and proteins. Some

proteins have, by themselves, been used as nanoparticle delivery systems. Indeed, the protein

ferritin functions as a coated nanoparticle. This molecule is w12 nm in diameter and can carry

hydrous ferrous oxide (w5–7 nm in diameter) during its role as an iron storage system for the

body.6 Alternately, proteins can be used to generate nanoparticles for carrier applications; gelatin

has been used to prepare nanoparticles.7 Albumin nanoparticles have been described.8 A 13-MDa

ribonucleoprotein, termed a vault, has also been identified as a nanomaterial that could be used to

deliver therapeutic and diagnostic agents.9 Materials prepared from nucleic acids also have the

potential to act as nanoparticle carriers. In general, nanoparticles prepared from biological materials

would be biocompatible as a result of obvious elimination mechanisms.

Nanoparticles can also be prepared from biological materials that are found in the body but

are not typically organized as nanoparticle-size polymers; complex mixtures of polysaccharides,

poly-lysine, and poly(D,L-lactic and glycolic acids; PLGA) have been prepared in a variety of sizes

and in formats that allow ligand coupling with targeting moieties as well as diagnostic or thera-

peutic agents.10 Synthetic organic polymers such as PLGA have been used to produce resorbable

sutures, providing nanoparticles that will produce a sustained release of its contents. PLGA nano-

particles have been used to deliver wild-type p53 protein to cancer cells.11 Such polymers have

been studied for the development of nanoparticle delivery vehicles.12–14 Although such nanopar-

ticles would be considered relatively safe because of their biocompatibility, particles prepared from

these types of materials can initiate inflammatory responses at sites of accumulation or deposit.15

A number of new synthetic organic polymer materials are being examined for their capacity to

generate nanoparticles useful for drug encapsulation and targeting.16 In general, organic polymer-

based nanoparticles have provided promising results in the field of cancer targeting for diagnostics

and therapy with the added capability of sustained release in some cases.17

Dendrimer structures are prepared from a series of repetitive chemical steps that perpetually

increase their size as additional shells are added. Varying the seed molecule can produce nano-

particle structures of spherical or more elongated shapes. Dendrimer-based nanoparticle structures

are inherently different from other organic-based nanoparticles prepared as linear sequences

of subunits (e.g., amino acids used to form proteins) or from subunits that can randomly branch

(e.g., polysaccharides). With the flexibility of chemistries that have now been described to prepare

dendrimers, these materials show tremendous promise to prepare highly defined nanoparticles that

can be targeted to cancers for therapeutic and diagnostic applications. To date, polyamidoamine

(PAMAM) dendrimers have been the most extensively studied family of dendrimers that can be

used to deliver anti-cancer drugs.18

A variety of inorganic materials can be used to generate nanoparticles for drug delivery that

might be applied to cancer and tumor targeting. For example, iron oxide (Fe2O3) nanoparticles can

be used to deliver anti-cancer agents.19 Fe2O3 nanoparticles targeted to a cancer can become hot

enough in an applied oscillating magnetic field to kill cells. Calcium phosphate precipitates can also

be also made into nanoparticles. Although calcium phosphate precipitates can be metabolized over

time and would be considered biocompatible, these materials can act as a potent adjuvant, poten-

tially enhancing their application to target the delivery of cancer antigens.20 In this way, calcium

phosphate nanoparticles are similar to another inorganic salt precipitate, aluminum hydroxide

(alum), that is currently approved as an adjuvant for human vaccines.21 Semiconductor nanocrys-

tals (quantum dots) are another example of inorganic nanoparticles. Quantum dots have exceptional

characteristics for in vivo imaging and diagnostic applications.22,23 However, some materials used

to generate quantum dots such as CdSe can release toxic Cd2C ions that alter ion channel function

and lead to cell death when sufficient levels are reached.24 Therefore, some of the inorganic

materials used to generate nanoparticles may have significant biocompatibility issues.
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Lipids such as phospholipids and cholesterol can be used to generate single- or multi-lamellar

spheres (liposomes) in the nanometer-size range. Liposome-based nanocapsules that can be loaded

with diagnostic or therapeutic agents for the targeted delivery to cancers25 and enhancement

strategies for lipid-based nanoparticle-mediated tumor targeting have been reviewed.26 Liposomes

were some of the first nanoparticle structures extensively evaluated for cancer targeting. Early

studies using liposomes highlighted issues associated with recognition and clearance by cells of the

reticuloendothelial system (RES) that remove particulates from the systemic circulation.27 Methods

of masking liposomes from the RES such as modification with poly(ethylene glycol) (PEG) have

been successfully used to limit RES clearance and increase circulating half-lives in serum.28

Solid lipid nanoparticles, nanostructure lipid carriers, and lipid–drug conjugate nanoparticles

have also been described for the drug delivery strategies that could be applied to cancer diagnosis

and/or therapy.29 Lipid-based nanospheres can be sterically stabilized by the incorporation of

artificial lipid derivatives that can be cross-linked. Subsequently, stabilized lipid-based nanospheres

can be targeted to cancers using a conjugated antibody.30 Such covalent modifications can improve

the stability of lipid-based nanoparticles but can also reduce the biocompatible natures of these

materials by modifying their clearance from the body. Apolipoprotein E-containing liposomes have

also been prepared as a carrier for a lipophilic prodrug of daunorubicin as a means of targeting

cancer cells that overexpress the receptor for low-density lipoproteins (LDL).31
3.2.2 DERIVITIZATION

Because of their chemical and physical characteristics, nanoparticles exhibit inherent cellular

targeting and uptake characteristics. Size and surface charge seem to be the two prominent charac-

teristics that affect inherent nanoparticle targeting and cellular uptake. Because inherent targeting

mechanisms may not provide the targeting or delivery characteristics desired, methods to modify

nanoparticles with targeting agents can be critical. Although some nanoparticle materials are

composed of materials with functional groups useful for chemical coupling, others are not. Such

nanoparticle systems must be either modified to allow chemical coupling or doped with reagents

that can be used for this modification. A number of coupling strategies have also been worked out

that allow for efficient functionalization of nanomaterials through both reversible and irreversible

chemistries.14,32 These modifications allow for the coupling of antibodies, receptor ligands, and

other potential targeting agents. Similar to the concerns associated with composition of the nano-

particle itself, any modification through chemical derivitization must also be considered with regard

to generating materials with unacceptable toxicity or neutralization of the function of the nano-

particle or its targeting element.

Nanoparticles have the advantage that they can be modified with multiple ligands to enhance

their targeting selectivity and/or allow for simultaneous delivery of diagnostic and therapeutic

agents.33 It is important to appreciate the relative size of components used to construct and deri-

vitize nanoparticles. For example, a quantum dot may be only 10 nm in diameter. Targeting that

sized particle with an antibody might require the attachment of an IgG antibody that is roughly

equal in size. By comparison, a fluorescent material that might be useful for localization of a

targeted nanoparticle such as green fluorescent protein (GFP) is about 5 nm. Derivitization

strategies for the construction of targeted nanoparticles must incorporate a consideration of

potential steric conflicts for incorporation of targeting, detection, and therapeutic components.

Other chapters in this text will extensively examine derivitization technologies for nanoparticles.
3.2.3 DETECTION

Most, if not all, nanoparticle structures currently investigated for delivery of cancer therapeutics

also have the capacity to be detected or modified to contain a detectable agent that could be

simultaneously used for cancer diagnosis. For example, PAMAM folate-dendrimers that contain
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contrast media for detection by magnetic resonance imaging (MRI) are effectively targeted to

cancer cells that overexpress the high affinity folate receptor.34 Gadolinium ion–dendrimer nano-

particles are readily detected by CT imaging and appear to provide several advantages over

previous methodologies.35 PAMAM dendrimer nanoparticles covalently coupled with a fluorescent

label can be visualized as sites of increased retention.36 Any strategy to produce nanoparticles that

combines diagnostic and therapeutic elements, however, must consider potential conflicting

aspects. Introduction of some heterocyclic anti-cancer molecules may act to quench fluorescent

properties and the capacity to detect fluorescent labels.

Some nanoparticles are particularly promising for cancer diagnosis because of their exceptional

properties of detection using current radiographic and magnetic methods. Some new materials

being prepared as nanoparticles will provide the potential for visualization using novel imaging

methods that may lead to greater selectivity of signal and reduce false positives.37 For example,

quantum dots associated with metastatic cancer cells can be visualized using fluorescence emission-

scanning microscopy.38 Similarly, lipid-encapsulated liquid perfluorocarbon contrast media at the

site of a tumor can be detected by ultrasonic acoustic transmission.39 It is also possible to functio-

nalize materials such as quantum dots to incorporate materials that can be photo-activated to

enhance their activity or detection.23
3.3 NANOPARTICLE TARGETING

Nanoparticles can be designed in a variety of ways to achieve targeted delivery. Some targeting

strategies rely upon inherent properties of the particle, in particular, its composition, size, and

surface properties. Furthermore, the particle itself can either be the agent being delivered, or it

can be prepared to carry a cargo for delivery. Cargo release from the nanoparticles can occur while

the nanoparticle is still relatively intact or through its decomposition. A number of methods have

been described to integrate and retain cargo components within nanoparticles and these, in general,

match to chemical or physical characteristics of the cargo with those of the material used to

generate the nanostructure. For example, positively charged cargo can be held within the nano-

particle through interactions with an internal network such as a polyanionic polymer that resembles

the organization of secretory granules synthesized by cells.40 Alternately, organized complexes

akin to coacervates proposed to participate in cell structure evolution can be formed between cargo

and particle matrix.40 Therefore, for some cancer-targeting strategies, one should consider not only

compatibility of the nanoparticle carrier with its cargo but also degradation events that might affect

temporal aspects of particle stability and cargo release.

Some nanoparticles can be designed or delivered in such a way as to produce a default targeting

event; other nanoparticles must be decorated on their surface to produce a targeted structure.

Topical application of a nanoparticle system at the target site may be all that is required for a

successful outcome. Such a simple approach is not typically sufficient for effective targeting of

many cancers. Successful targeting may require reduction of inherent targeting tendencies for the

material(s) used to prepare the nanoparticle. Depending upon the physical and chemical nature of

the nanoparticle and the mode of administration, there can also be complicating factors that affect

the effectiveness of the targeting method. Inherent targeting and complicating factors associated

with some nanoparticles used for a targeted delivery can impart safety issues that must also be

considered. With such characteristics, it is easy to see why active targeting of nanoparticles to

cancers can be both complicated by competing biological events as well as facilitated by these same

properties.41

3.3.1 INHERENT TARGETING

The RES is composed of a series of sentinel cells located in several highly perfused organs,

including the liver and spleen.27 Nanoparticles can be rapidly cleared from the blood if they are
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recognized by RES cells in a non-selective fashion, typically before achievement of effective

targeting.13,42 In some instances, this inherent targeting can provide a means to selectively delivery

materials.43 In most cases, it is possible to modify the physical and chemical characteristics of

nanoparticles to reduce their default uptake by the RES.44 Methods to avoid the RES will be

addressed in depth in other chapters in this text. In general, these measures follow principles

initially outlined in the development of stealth liposomes that provided a means of extending the

circulating half-life of a nanoparticle. Although PEG molecules of various lengths coupled using

various chemistries45 are frequently used in this approach, heparan sulfate glycosaminoglycans

(HSGs) have also been shown to provide a protective coating that reduces immune detection.46

Interestingly, HSGs might be shed at tumors by tumor-associated heparanase activity.

Another inherent targeting aspect of nanoparticles relates to the nature of tumor-associated

vasculature. In general, nanoparticles smaller than 20 nm have the ability to transit out of blood

vessels. Solid tumors grow rapidly; tumor-associated endothelial cells are continually bathed by a

plethora of cancer cell-secreted growth factors. In turn, endothelial cells sprout new vessels to

provide needed nutrients for the continued growth of the tumor. This cancer cell-endothelial cell

relationship, however, leads to the establishment of a poorly organized vasculature that, under the

constant drive of growth factor stimulation, fails to organize into a mature vascular bed. Therefore,

tumor-associated vascular beds are poorly organized and more leaky that normal vasculature.

Nanoparticles will inherently target to tumors as exudates through leaky vasculature. This phenom-

enon, referred to as the enhanced permeability and retention (EPR) effect,47 will be covered

extensively in other chapters in this text.

Finally, peculiar surface properties of certain nanomaterials might affect their inherent

interactions that could act to detract from a targeted delivery strategy. For example, some poly-

anionic dendrimers can be taken up by cells and act within those cells to interfere with replication of

human immunodeficiency virus (HIV) that is considered to be the causative agent of AIDS.48

Although, from such studies, it is unclear if these dendrimers interact with the host cell or the

pathogen to block their interaction; such a finding points to the potential for nanoparticles to

interact with structures that might affect their cellular properties or cell function. In some cases,

a nanoparticle with inherent capacity to interact with a cell or tissue might provide an added

advantage of using that material for a specific indication. In other cases, such an inherent capacity

to bind to or recognize cell or tissue components might highlight potential distractive aspects of that

material for certain indications.
3.3.2 COMPLICATING ASPECTS

By their eponymous descriptor, nanoparticles have physical dimensions in the nanometer size scale

similar to viruses and other materials that are either recognized by the body as pathogens or are

elements associated with an infective event. Toll-like receptors (TLR) present on monocytes,

leukocytes, and dendritic cells play a critical role in innate immunity with the capacity to recognize

organized patterns present on viruses and bacteria.49 TLR proteins are present on the surface of

cells in the lung, spleen, prostate, liver, and kidney. Because the patterned surfaces of nanoparticles

can look like pathogen components recognized by TLR proteins such as DNA, RNA, and repeating

proteins like flagellin, it is possible that a number of cell types might non-selectively interact with

some nanoparticles. If such an interaction occurs, there are several potential outcomes that might

produce complicating aspects for nanoparticle targeting to cancers. Nanoparticle materials might be

immediately recognized and cleared by cells of the innate immune system, limiting the usefulness

of even their initial application. Alternately, only a fraction of the applied nanoparticles might

engage TLR that would not significantly affect the effectiveness of the administration. Recognition

of even a small fraction of the administered nanoparticles, however, might lead to immune events

that diminish the effectiveness of subsequent administrations. Nanoparticles that the naı̈ve body

initially tolerates may become a focus of immune responses upon repeated exposure.
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Oppositely, one could envisage how potential recognition by TLR proteins might be beneficial

in certain applications. In particular, cancer cells or tumors sites that express a particular TLR might

actually provide a unique targeting aspect for nanoparticles prepared from the right material. In

fact, some studies have been described using empty RNA virus capsules from cowpea mosaic virus

as biological nanoparticles for delivery.50 Because tumors can also contain a number of immune

cells with some that might express TLR, the potential exists to have inherent targeting of nano-

particles to cancers through these tumor-associated cells. Such a circumstance could reduce the

complexity of construction for a targeted nanoparticle complex. Such a suggestion has solid

grounding in the extensive use of nanoparticles as adjuvants used for vaccination.51 Additionally,

nanoparticles such as liposomes can be selectively directed specifically to Langerhans cells in the

skin as a means of enhancing the delivery of antigens to these professional antigen presenting

cells.52

Recognition of nanoparticles by TLR proteins may or may not act to stimulate potential target

cells. If stimulation occurs, the result can include release of cytokines and a variety of potent

regulatory molecules. Induction of pro-inflammatory cytokines may provide an undesirable

outcome because cancerous states appear to be motivated by inflammatory events.53 The potential

for a beneficial or negative impact of such outcomes would require case-by-case scrutiny. By

themselves, nanoparticles have been shown to stimulate several cell-signaling pathways, including

those that drive the release of pro-inflammatory cytokines such as interleukin (IL)-6 and IL-8.54,55

The incorporation of some therapeutic or diagnostic agents into nanoparticles can further enhance

this potential for an inflammatory outcome.56 Additionally, a variety of nanoparticles, including

fullerenes and quantum dots, has been shown to stimulate the creation of reactive oxygen species,

and this effect can be enhanced by exposure to UV light that might be used for visualization and/or

activation (reviewed in Oberdorster, Oberdorster, and Oberdorster57). As discussed at the beginning

of this section, the potential for such events may be desirable for induction of selected events, e.g.,

immunization against cancer cell antigens. Nanoparticles can also be prepared to release cytokines

that might affect an anti-tumor immune events event.58
3.3.3 SAFETY ISSUES

Although generalizations can be made for a particular targeted nanoparticle delivery system,

specific issues will arise for each type of payload it contains and for each indication. It will be

important to balance potential safety concerns for using nanoparticles with their potential benefits

for reducing a safety concern that occurs without their use for comparable (or even improved)

efficacy. Nanoparticles can tremendously reduce toxicity by sequestering cytotoxic materials from

non-specific tissues and organs of the body until reaching the cancer site.59 Polymeric nanoparticles

have been loaded with tamoxifen for targeted delivery to breast cancer cells to improve the efficacy

to safety quotient relative to direct administration of this cytotoxic agent.60 Coupling of doxoru-

bicin-loaded liposomes to antibodies or antibody fragments that can enhance targeting to cancer

cells appears quite promising as a means of further improving the efficacy to toxicity profile for this

chemotherapeutic.61 PEGylated liposomal doxorubicin has improved tolerability with similar effi-

cacy compared to free drug.62 Liposomal formulations of anthracyclines appear to improve the

cardiotoxicity profile of this anti-neoplastic.63 PAMAM dendrimers conjugated to cisplatin not only

improved the water solubility characteristics of this chemotherapeutic but also improve its toxicity

profile.64 PAMAM dendrimers have also been used to increase the effectiveness of a radioimmu-

notherapy approach by increasing the specific accumulation of radioactive atoms at a tumor site as

well as improving selectivity of biodistribution.65

As previously mentioned, potential inherent targeting of some nanoparticles may initiate

cellular responses, following recognition by immune cell surface receptor systems. Outcomes

from such events could produce safety concerns, particularly for repeated exposures. Data

suggest additional safety concerns related to the material(s) used in nanoparticle preparation as
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well as nanoparticle size for some routes of administration. Recent studies have called into question

the safety of repeated aerosolized exposure of carbon nanomaterials,66 and nanoparticles have been

shown to have a higher inflammatory potential per given mass than do larger particles.57 Such

particles may provide an efficient means to actively target lung cancers that is facilitated by the

natural properties of these materials. In general, safety issues related to using nanoparticles to target

cancers for treatment and diagnosis will be specific for the material used to prepare the particle: its

size, the type of targeting mechanism it utilizes, its fate at the targeted site, and its non-targeted

distribution and elimination pattern from the body.
3.4 TARGETING TO CANCER CELLS

In a very simplified sense, cancers occur through dysregulation of normal cell function. The body is

designed to correct tissue defects following damage, to expand selected immune cells in response to

a pathogen, and to compensate for perceived deficiencies in one cell type by altering the phenotype

of another such as in stem cell recruitment. Each of these processes is mediated by (normally)

regulated events that allow cells to lose their differentiated phenotype with restrained growth

characteristics and acquire a replication-driven phenotype. A lack of re-differentiation into a

growth-restrained, differentiated phenotype is the paradigm of cancer. Repair of an epithelial

wound is a good example of this phenomenon (Figure 3.3). It is the lack of re-differentiation

and continued responsiveness of these cells to growth factors and growth activators that supports

and maintains the cancer phenotype. Extensive genomic differences between differentiated and

non-differentiated forms of the same cell account for the differences observed between these two

cell phenotypes.67
(a)

Growth

factors

Cell division

(b)

(c)
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FIGURE 3.3 Loss and recovery of barrier function associated with normal epithelia. (a) Epithelia express tight

junctions ( ) and associate at their base with a complex of proteins known as the basement membrane

( ). (b) Damage to epithelia increases responses to growth factors and results in differentiated epithelial

cells that can freely divide. (c) Cell division continues until damaged area is covered. (d) Cell–cell contacts

such as adherens junctions, tight junctions, and gap junctions have been shown to suppress growth and

stimulate re-differentiation.
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Many of the differences between replicating and non-replicating cells are associated with

surface and metabolic properties that can be used to discriminate between differentiated

(normal) and de-differentiated (cancer) cells. One of the biggest concerns using this information

to target cancer cells is that non-cancerous cells undergoing normal and necessary repair processes

may transiently express these same targets. For example, herceptin is an antibody that binds to

her2/neu receptors that are over expressed on the surfaces of cancer cells. Unfortunately, this

antibody can also target normal cardiac cells undergoing repair induced by the actions of a

common anti-cancer agent, doxorubicin; patients on doxorubicin treatment are placed on an

extended washout period prior to exposure to herceptin. Therefore, nanoparticles having a cytotoxic

capacity and targeted using the herceptin antibody could result in cardiomyopathy. Fortunately, the

high, transient, systemic levels of doxorubicin associated with direct administration can be muted

by administration in nanomaterials such as liposomes, reducing the risk of cardiomyopathy.68 That

many surface and metabolic properties are the same for both cancer cells of a particular cell type

and the undifferentiated form of that cell type during normal cell function must be appreciated as

one examines potential cancer cell-targeting strategies for nanoparticles.

The general issues raised above concerning safety aspects of targeting cancer cells highlight

concerns of selecting a strategy that properly accounts for unique cell surface properties and

metabolic activities of cancer cells relative to normal cells. All too frequently, normal cells can

undergo processes (e.g., wound repair) that will transiently transform them into a cell with surface

properties or metabolic characteristics indistinguishable from a cancer cell. In some aspects, these

altered surface properties and metabolic activities are intertwined. Alterations in metabolic proper-

ties can induce increased expression of nutrient uptake pathways and catabolic proteins that assist

in nutrient absorption to sustain the accelerated growth rate of cancer cells. Because some of these

components are present at the cell surface, a cancer cell’s composition and profile are modified by

their presence. From an opposing perspective, increased surface expression of components such as

growth factor receptors will shift the metabolic activity of a cancer cell following activation of that

receptor (either constitutive activation or ligand-induced activation).
3.4.1 CELL SURFACE PROPERTIES

In general, one thinks of targeting cancer cells by use of a highly specific surface material that

absolutely identifies only that cancer cell within the entire body. Some studies, however, have

demonstrated that cancer cells growing in different sites of the body can have altered surface

properties that could facilitate non-specific nanoparticle binding and uptake; colloidal iron hydrox-

ide (CIH) nanoparticle association and uptake appears to be enhanced for transformed cells,69 and

CIH nanoparticles show differences in cell surface interactions following transformation of chick

embryo fibroblasts.70 Such observations suggest that generic cell-surface charge differences might

provide a targeting strategy for nanoparticles that could be, even if not highly discriminating, used

to enrich nanoparticle delivery to cancer cells through non-specific associations. In combination

with other targeting strategies, surface charge differences might provide a useful adjunct. For

example, some cancer cells express unique sets of surface enzymes that might be useful to activate

a prodrug once a nanoparticle has been localized to the surface of a cancer cell. In this regard, a

number of proteases have been shown to be significantly up-regulated by oncogenic conversion.71

A proof of concept for this type of specific application has been described using a polymer-based

fluorogenic substrate PB-M7VIS that serves as a selective proteobeacon.36

A number of overexpressed growth factor receptors have been used to selectively target cancer

cell surfaces, and the description of many of these targets has been reviewed.72 With regard to

targeting nanoparticles, it is important to remember that once engaged by the targeting ligand, some

of these surface components are internalized whereas others will remain at the cell surface.

Matching the type of nanoparticle material and its potential cargo with the likely fate of the targeted

structure can be critical to optimizing the desired outcome. It is also possible that once bound,
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ligand–nanoparticle complexes could lead to receptor internalization that might not occur by the

presence of the targeting ligand alone. The basis for this difference might come from the potential

for nanoparticles to contain a coordinated ligand matrix to sequester of cell-surface receptors in a

manner that facilitates internalization.

Antibody-based targeting of nanoparticles to solid tumors has been a highly promising strategy

that is augmented by the enhanced vascular permeability (EPR effect) of solid tumors. For example,

an antibody-directed (anti-p185HER2) liposome loaded with an anti-neoplastic can be an effective

cancer therapeutic approach.73 Blood cell-based cancers (e.g., leukemias and lymphomas) can also

be targeted by nanoparticles as a way to reduce unwanted systemic side effects. Nanoparticles could

be targeted to T-cell leukemia cells using an antibody to a surface cluster of differentiation (CD)

antigen, CD3, on the surface of lymphocytes.74 B-cell lymphomas can be targeted by anti-idiotypic

antibodies specific for the unique monoclonal antibody expressed by each individual cancer.75 In

both of these cases, the potential for these B- and T-cell-derived cancer cells to actively take up

particles on their surfaces as part of their normal function in antigen surveillance and presentation

might facilitate and even augment the desired outcome using a targeted nanoparticle.

Efficient, targeted delivery of gene therapy elements and/or antigens to antigen presentation

cells (APC) has long been a goal for the induction of anti-cancer cell immune responses. Nano-

particles provide an exciting possibility to achieve this goal. Coating nanoparticles with mannan

facilitates their uptake by APCs such as macrophages and dendritic cells that acts to target these

materials to local-draining lymph nodes following their administration.76 Such an approach is likely

to provide additional synergy in APC activation because polymer nanoparticles are efficiently

phagocytosed by dendritic cells.77 Many APCs express LDL-type receptors, and molecules that

interact with this class of receptors could be a means of targeting as well.78 Interestingly, LDL

receptors can be an attractive targeting strategy for cancers because many tumors of different

origins express elevated levels of this receptor.79 Therefore, LDL-based nanoparticles could be

useful in targeting cancer.31

It might also be possible to intentionally alter the surfaces of cancer cells to improve nano-

particle targeting. Cells could be transfected with a protein that expresses the appropriate acceptor

peptide recognized by a surface-applied bacterial biotin ligase.80 Although there would be multiple

issues to overcome prior to clinical application, this approach outlines one strategy where cancer

cells might be altered to express a unique surface structure such as biotin that could be very

selectively targeted. Reversed-response targeting might also be performed using discriminating

cell-surface properties. Hepatocytes can be targeted using nanocapsules decorated with the surface

antigen of hepatitis B virus (SAgHBV).81 Because liver cells may lose their capacity to bind

SAgHBV following oncogenic conversion, this targeting strategy could be used to deliver cyto-

protective materials to normal hepatocytes and enhance the efficacy of chemotherapeutics aimed

at liver cancers. Similarly, hepatocytes exclusively express high affinity cell-surface receptors for

asialoglycoproteins, and this ligand–receptor system has been used to target albumin nanoparticles

to non-cancer cells of the liver.8 Nanoparticles coated with galactose might also be used to target

the liver.82
3.4.2 METABOLIC PROPERTIES

One of the most detrimental aspects of cancer cells, their high rate of proliferation, can also be

considered their Achilles’ heel. As proliferation rate increases, metabolic requirements follow

accordingly. This places cancer cells in a precarious position where a blockade of critical metabolic

steps can lead to cytotoxic outcomes; this is the basis from a number of currently approved anti-

cancer agents that function as metabolic poisons.83 There are two obvious approaches that could be

used for targeting using this characteristic of cancer cells: ligands that emulate the nutrient, vita-

mins or co-factors, and antibodies that recognize these surface transport elements. Nanoparticles

coated with a ligand for one of these receptors such as folate can be used to target to cancer cells.84
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Folate has been used to target dendrimers85,86 and iron oxide nanoparticles.87 Folate receptor-

targeted lipid nanoparticles for the delivery of a lipophilic paclitaxel prodrug have shown promising

pre-clinical outcomes.88 Cancer cells can also overexpress transferrin receptors (REF), and trans-

ferrin-conjugated gold nanoparticle uptake by cells has been demonstrated.89 A transferrin-

modified cyclodextrin polymeric nanoparticle has been described that could be used to deliver

genetic material to cancer cells.90

Increased nutrient uptake associated with increased requirements for amino acids and nucleic

acids may also provide a targeting strategy for nanoparticles. That many classical anti-cancer agents

function by interfering with amino acid or nucleic acid incorporation into polymer structures should

provide an important template for strategies to use nanoparticle technologies to effectively target

cancer cells. For example, pancreatic cancer cell lines appear to overexpress the peptide transporter

system PepT1,91 possibly providing a growth advantage by its ability to provide additional amino

acid uptake. Nanoparticles decorated with (or composed of) ligands recognized by this uptake

pathway may provide an important targeting opportunity. Such an approach can be used for

similar target-specific delivery of other molecules. It is important to remember that materials such

as amino acids and nucleic acids, unlike co-factors discussed above that are used more as part of

catalytic cellular events, are required in stoiciometric amounts for cell growth. Targeting strategies

using uptake processes against vitamins and co-factors will have the added benefit of potentially

depriving cancer cells of these critical materials whereas targeting strategies using amino acids and

nucleic acids will probably not affect the overall influx of these materials and their incorporation into

nascent polymers required for continued cell growth.

A growing bank of experimental and clinical data has provided strong evidence that chronic

inflammation can drive epithelial cell populations into an oncogenic phenotype.92 It is this pre-

neoplastic character that may act to alter the metabolic character of cells that might be useful for

targeting nanoparticles. Such a targeting strategy would make use of transitions in cellular function

in response to pro-inflammatory signals (Figure 3.4). In this regard, one could envisage ligand-

directed targeting to inflammatory sites as well as activation of nanoparticles (or their components)

for localized delivery at these sites by the presence of unique enzymatic activities. Additionally,

one could contemplate nanoparticles that deliver cancer prevention agents that work through

suppression of inflammatory events. A ligand peptide that binds endothelial vascular adhesion

molecule-1 (VCAM-1) on the surfaces of inflamed vessels has been used to target nanoparticles.93

One major concern with using such metabolic processes for targeting nanoparticles is that inflam-

matory events are a common and essential function of the body, and they are not necessarily

associated with pre-cancerous or cancerous states. Some nanoparticles can induce an inflammatory

response. Therefore, the method selected for such a nanoparticle-targeting strategy most keep this

in mind. It might be possible to utilize additional cancer-targeting mechanisms (e.g., the EPR

effect) to augment inflammation-based strategies.
3.5 TARGETING TO TUMORS

Nanoparticle targeting strategies involving peculiar and unique properties of tumors have been

described. Two of these properties will be discussed: aberrant vasculature and the unique metabolic

environment produced by inefficient blood supply resulting from the aberrant vasculature. These

targeting strategies have strong similarities to those described for targeting cancer cells, taking

advantage of unique endothelial cell-surface properties in tumors or the cells’ peculiar environment

as they respond to the metabolically overactive environment of a tumor.

3.5.1 ABERRANT VASCULATURE

Tumor neovasculature is a promising site for targeting nanoparticles for both diagnosis and therapy.

Once a tumor reaches a size of greater than w1 cm3, vascular assistance to deliver oxygen and
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FIGURE 3.4 Effect of chronic pro-inflammatory stimulus on epithelial barrier patency. (a) A variety of stimuli

( ) can incite the release of pro-inflammatory cytokine (e.g., TNFa and IFNg) from macrophages and other

cells. Genetic predisposition can enhance these responses. (b) Released pro-inflammatory cytokines act to open

tight junction (TJ) structures ( ), allowing entry of additional activating stimuli that, in turn, attract more cells

associated with inflammation. (c) Chronic inflammation leads to breakdown of basement membrane, loss of TJ

function, and disorganization of the epithelia characteristic with a pre-neoplastic state.

Active Targeting Strategies in Cancer with a Focus on Potential Nanotechnology Applications 31
remove by-products is required for cell survival. Cancer cells secrete a variety of growth factors

that stimulate the formation of nascent blood and lymph vessels. Tumor-associated vascular beds

have unique surface properties that are associated with their rapid growth characteristics, resulting

in aberrant vascular beds that have been used to design a combined vascular imaging and therapy

approach using nanoparticles.94 Non-specific targeting of nanoparticles (10–500 nm in diameter) to

solid tumors through this EPR capacity of solid tumors47 can provide a means to enrich the

localization of an anti-neoplastic agent to a tumor when it is coupled to a nanoparticle compared

to its free form.95 The EPR effect has also been used to increase localization through inherent

targeting96 of long-circulating liposomes.97

PAMAM dendrimers useful for boron neutron capture therapy (BNCT) of cancers have been

targeted to tumor vasculature by attachment of vascular endothelial growth factor (VEGF) that acts

to target VEGF receptors that are frequently overexpressed on tumor neovasculature.98 Targeting

VEGF receptors Flk or Flt on tumor-associated endothelial cells could also be effective; this has

been done with a complex material composed of anti-Flk-1 antibody-coated 90Y-labeled nanopar-

ticles99. PECAM (or CD31) is highly expressed on the surface of endothelial cells present in

immature vasculature. Platelet endothelial cell adhesion molecule (PECAM) up-regulation

occurs following VEGF stimulation of endothelial cells. The presence of such endothelial

surface markers also provides the opportunity to target nanoparticles that contain DNA for gene

therapy applications,100 release anti-angiogenesis agents as well as chemotherapeutics,101 and
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antigens/agents to stimulate an anti-cancer cell immune response.101,102 Vascular cell adhesion

molecule-1 (VCAM-1) is a marker for inflammation of the endothelial and has been used to target

nanoparticles to these sites for magento-optical imaging.103

Differences in tissue-specific endothelial surface properties might be used for targeting nano-

particles.104 In one such example, a peptide that binds to membrane dipeptidase on lung endothelial

cells can be used to target nanocrystals to the lung.105 Doxorubicin-loaded nanoparticles have been

targeted to tumor vasculature by surface decoration with a cyclic arginine–glycine–aspartic acid

(RGD) peptide that binds to the cell adhesion molecule integrin avb3 on the surface of endothelial

cells.106 A peptide that interacts with the lymphatic vessel marker podoplanin can be used to target

nanocrystals to lymph vessels and some tumor cells.105 Cationic nanoparticles, containing genes

that can block endothelial cell signaling that were selectively targeted to tumor vasculature by

coupling to an integrin avb3 ligand, were shown to produce endothelial apoptosis and tumor

regression.107

3.5.2 METABOLIC ENVIRONMENT

Solid tumors typically grow at such a rapid pace that vascular function fails to keep pace with local

metabolic requirements. This situation, leading to reduced oxygen tension and a depressed pH as a

result of a lack of waste acid clearance, is associated with the onset of necrotic cores of large

tumors. A number of studies have shown that cancer cells become adapted to successful growth in

these difficult conditions, providing unique characteristics that might be exploited for tumor

targeting. For example, nanoparticles will accumulate at inflammation sites along the bowel

when administered orally.108,109 Because these inflammatory sites are typically associated with a

slightly acidic environment, a similar targeting strategy may be possible for tumors where the pH

has also been depressed. Nanoparticles targeted to cancer cells might also be modified at low

oxygen tension to either release or activate a payload. Frequently, cancer cells rely more on

glycolysis than oxidative metabolism for energy production. This finding is consistent with the

reduced oxygen tension of poorly perfused tumors. These conditions would result in the release of

acidic glycolytic end-products that are not effectively cleared by the sluggish blood flow through

tumor vascular beds. Therefore, targeting that takes advantage of a slightly depressed local pH that

might be found in some tumors could be an attractive design strategy.
3.6 FATE OF NANOPARTICLES

Successful targeting of nanoparticles to cancers or tumors may involve overcoming multiple

biological, physiological, and physical barriers. Site of initial application can be critical. For

example, nanoparticles administered into the gut or lung would initially confront epithelial barriers.

Metabolic events or cellular responses at an injection site represent another initial barrier to targeted

nanoparticle delivery. Once nanoparticles have entered the body, their size, shape, or surface

characteristics can initiate events that present a second barrier to targeted delivery—misdirection

of the material away from its targeted site through undesired interactions. Access and/or enriched

distribution to specific organs or regions of the body may be critical for successful nanoparticle

targeting. Finally, once nanoparticles have reached a targeted site, metabolic or physical aspects of

the cancer cell or tumor might limit their effectiveness. Here, the intracellular uptake and fate may

dictate the potential success of each nanoparticle approach. Events at each of these barriers act in a

cumulative fashion to limit the success of any nanoparticle-based targeting strategy. Obviously, the

overall fate of nanoparticles might be improved by using materials that are not affected by these

barriers or by modification of nanoparticles in ways that can neutralize these barrier issues.

Matching the size and composition profile of a nanoparticle delivery system with the targeting

strategy allows for an optimized approach that takes advantage of default targeting events as much

as possible.
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As previously discussed, it is critical that inherent targeting mechanisms associated with a

particular nanoparticle does not overwhelm or work in concert with any applied targeting strategy.

Once at the target site, the fate of the nanoparticle can significantly affect its potential to provide the

desired outcome. The delivery of hybridization-competent antisense oligonucleotides (ODNs)

targeted to a cancer cell or tumor would not provide the desired outcome unless this material is

efficiently internalized. ODNs covalently conjugated to anionic dendrimers have been shown to

effectively deliver through an endocytosis process and down-regulate epidermal growth factor

receptor expression in cancer cells.110 Other targeting strategies may not provide the desired

outcome if the nanoparticle is internalized by cells. For example, enzyme-coupled nanoparticles

targeted to a tumor that would activate a prodrug could fail to provide a desired outcome. Therefore,

the potential for nanoparticles to have a successful outcome of targeting cancer cells or tumors

requires favorable events at natural barriers of the body and their distribution within the body, but

also their fate at the targeted site.
3.6.1 SITE OF INITIAL APPLICATION

Several extracellular barriers exist for the administration and targeted delivery of nanoparticles.

Initial entry into the body represent on obvious barrier. This is not an issue for situations where the

cancer cell or tumor targeted is readily accessible by a topical application. Such a situation,

however, is rather rare. Entry into the body across mucosal surfaces such as those in the gut or

lung is typically very inefficient. Even viral particles are not very successful at this approach with

most relying upon infecting cells of the barrier from the apical exposure by only a few viral particles

that can replicate inside the cells to allow the basolateral (systemic) release of large numbers of

progeny. Viral particle entry at apical surfaces of epithelial cells is decreased by physical barriers

such as secreted mucus as well as proteases and other enzymatic barriers. Extracellular (acellular)

matrix environments that viruses might encounter after systemic infection could similarly act to

diminish cellular targeting and entry. Man-made nanoparticle delivery systems are likely to be

impeded by these same physical and biological barriers at epithelial surfaces and within the body.

Reduced surface exposure of highly charged or protruding structures is commonly used by viruses

to minimize the impact of these extracellular barriers on viral infectivity. Similar considerations

may facilitate optimization of nanoparticle delivery strategies.

There are several common methods for administering materials to the body: injection or appli-

cation to an epithelial surface (skin, intestine, lung, etc.) of the body. Nanoparticles can be absorbed

into the skin after topical application.111 Although nanoparticles can be taken up through appendages

of the skin (sweat gland ducts, hair follicles) following topical application,112 microneedles can be

used to dramatically increase the efficiency of their uptake into and across skin.113 The intravitreous

injection of nanoparticles results in transretinal movement with a preferential localization in retinal

pigment epithelial cells,114 allowing for a sustained delivery strategy to the inner eye.

Nanoparticles can be absorbed from the lumen of the gut, but this absorption is inefficient.115 A

number of factors have been examined related to regulation of nanoparticle uptake from the gut

lumen.116 Nanometer-sized liposomes enter into the intestinal mucosa better than larger, multi-

lamellar liposomes, and this uptake can be improved by coating with a mucoadhesive polymer such

as chitosan.117 It is interesting that lipid-based materials absorbed from the gut partition into the

lymphatic system and studies have suggested that these particles have remarkable access to the

hepatocytes.118 One way to potentially improve nanoparticle uptake from the gut is to PEGylate

these materials in a manner that selectively increases binding to the intestinal mucosa rather than

the stomach wall.119 Additionally, anionic PAMAM dendrimers have been shown to rapidly cross

the intestinal mucosa in vitro and may provide a method to improving oral delivery of nanoparti-

cles.120 Cationic dendrimers also show a transcytosis capability in vitro; in general, cationic

dendrimers are more cytotoxic than anionic dendrimers, but this characteristic can be reduced by

additional surface modifications using lipids.121 Formulation studies have been performed to
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identify optimal methods for aerosol delivery of nanoparticles to the lung.122 In general, the uptake

of nanoparticles at the lung or gut surface occurs, but the efficiency of this uptake is dramatically

improved by incorporation of a specific uptake mechanism. Even without a specific uptake

mechanism, an appreciable amount of nanoparticle absorption can occur at these sites if they are

sufficiently stable and are not removed by clearance mechanisms.

A large number of studies have been performed to assess nanoparticle absorption following

inhalation exposure, and concerns over the safety of such an approach for drug delivery have been

raised.123 Nanoparticles deposited in the airways appear to be taken up through transcytosis pathways

that allow the passage of these materials across epithelial and endothelial cells to reach the blood and

lymphatics.57 Surface properties of nanoparticles greatly affect the capacity of nanoparticles to be taken

into cells through the process of endocytosis and uptake following pulmonary deposition. As part of the

respiratory tree, intranasal administration of nanoparticles can potentially provide a route into the brain.
3.6.2 DISTRIBUTION TO SPECIFIC ORGANS

One of the most difficult challenges of administering cytotoxic chemotherapeutics involves

unwanted exposure to non-cancer cells and to tissue and organ compartments not involved with

the disease. Nanoparticles carrying a chemotherapeutic can reduce the undesirable distribution of

such compounds as they are restricted from some compartments of the body such as the brain.59

Oppositely, nanoparticles can be modified, e.g., conjugation to chelators, to acquire the capacity to

transport across the blood–brain barrier or BBB.124 Alternately, nanoparticles coupled to certain

protein ligands such as apolipoprotein E can be used to target and transport across the BBB.125 In

both cases, these nanoparticle delivery approaches lead to the unique distributions of materials that

must be cleared and/or metabolized. Therefore, one consequence of targeting cancers cells is that

the fate of these materials, by accessing and localizing to sites where cancer cells reside, may be

affected that could affect their overall safety as well as efficacy.

Targeting to some cancers may require overcoming additional hurdles beyond interaction with

specific cancer cell or tumor components. Some tumors are located in difficult-to-reach sites such as

the brain and testes. Accessing these sites from the systemic vasculature requires that nanoparticle

materials must first avoid systemic clearance by the RES and have the capacity to move across

either the blood–brain or blood–testes barrier. Whereas some types of nanoparticles can keep

materials out of compartments of the body such as the brain,59 other types of nanoparticles may

provide access to this difficult-to-reach compartment.126 In general, surface characteristics that can

be altered through chemical modifications can be used to regulate the targeted delivery of nano-

particles to specific sites within the body such as the brain (reviewed in Olivier14). It has even been

reported that coating nanoparticles with polysorbate 80 can facilitate brain targeting by enhancing

their interaction with brain microvasculature.127 Alternately, intranasal delivery of macromolecules

has been suggested to move in a retrograde fashion into the brain following uptake at the olfactory

epithelium.128 Polylactic acid–PEG nanoparticles have been shown to transport across the nasal

mucosa129 and could, theoretically, also provide some access to the brain because both materials

appear to transport via a transcytosis mechanism.
3.6.3 INTRACELLULAR UPTAKE AND FATE

Particularly in the case of cancer therapeutics, some targeted delivery may require access to intra-

cellular sites such as the nucleus or mitochondria. In general, nanoparticles with diameters less than

50 nm can easily enter most cells. Successful cellular uptake of nanoparticle systems targeted to cancer

cells and/or tumors, however, frequently depends upon the balance of mechanisms that act to clear

nanoparticles from the circulation and mechanisms that allow for their retention in this compartment.

Several clearance mechanisms exist, and loss of nanoparticles from the circulation appears to be

dominated by macrophage uptake, following complement activation or surface opsinization.130
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Some agents such as commonly used chemotherapeutics are capable of moving efficiently across the

plasma membrane of cells and into the cytoplasm that allows access to intracellular organelles if the

material can be released locally to the target site. A nanoparticle-based delivery may require the release

of a cargo either at the cell surface or after internalization of the nanoparticle by the target cell. Uptake of

nanoparticles into cells can occur through a clathrin-coated endocytosis event,131 through caveolae

structures,132 or through uptake mechanisms that do not appear to involve clathrin or caveolae.133

Differences in surface properties and nanoparticle size will likely dictate the predominant route of entry

into a cell. Such uptake mechanisms into cells following nanoparticle targeting to a cancer cell or tumor

can involve vesicular trafficking to acidified, protease, and nuclease-enriched lysosomal compartments

within the cell.

Unless the nanoparticle carrying a chemotherapeutic agent can release it prior to the trafficking

of these vesicles to destructive (lysosomal) pathways or it can avoid such a pathway once inside the

cell, the effectiveness of the absorbed material may be dramatically reduced. Also, some new

classes of anti-cancer agents have poor membrane permeability properties and would not readily

leave the endosome after uptake. Furthermore, exposure of these materials to lysosomal environ-

ments would destroy their biological activity; nucleic acid- or peptide/protein-based therapeutics

capable of marking a cancer cell for clearance by the immune system would be examples of this

type of approach. In these cases, proper selection of the nanoparticle composition and charac-

teristics allows these materials to escape the fate of this default uptake event. There are endogenous

properties of some materials as well as the capacity to include specific intracellular targeting agents

that can be matched with the intracellular delivery desired for the material being targeted.

Following specific (or non-specific) targeting of nanoparticles to a cell, a number of events act

to traffic these material within the cell. In general, nanoparticles that have associated with a specific

cell-surface target are internalized through an endocytosis process that produces the formation of

intracellular vesicles, containing the nanoparticle. Based upon their physical and chemical charac-

teristics, most nanoparticles reaching these endosomal vesicles are likely delivered to lysosomes

within cells where they would be metabolized or retained. Therefore, nanoparticles would not

readily access the cytoplasm of target cells. An ultimate fate of lysosomal structures within targeted

cells is not necessarily a problem. Many diagnostics have already performed their function and/or

can still be detected within this compartment. In the case of therapeutics, many of these may have

already been released from the nanoparticle prior to its arrival at the lysosome, and/or the materials

are stable in this hostile environment and continue to act upon the target cell from this location.

However, there are a number of potential therapeutic compounds that will be inactivated by this

outcome and that require additional delivery events to achieve their optimal function on the target

cell. Oligonucleotide delivery to tumors is one such example where the therapeutic must access the

target cell cytoplasm for its desired action.134

Reduction in the rate of endocytosis of nanoparticles can be achieved by coating them with

proteins such as lactoferrin or ceruloplasmin that act to retain the material at the cell surface.135 One

approach to facilitate nanoparticle delivery to the cytoplasm of a target cell is to covalently attach

the membrane penetrating TAt peptide derived from HIV-1 to the surface of these nanoparticles.136

Because nanoparticles of several compositions have been shown to target to the mito-

chondria,137,138 these materials may access the cell’s cytoplasm to reach this organelle. Such an

outcome may be driven by the physico-chemical characteristics of the nanoparticle with relation to

the unique proton and ion gradients found in mitochondria. Modification of the nanoparticle to

affect this inherent targeting may be important.
3.7 CONCLUSIONS

Nanoparticles provide a range of new opportunities to increase the targeting of currently approved

diagnostic and therapeutic agents to cancers. Improvements in targeting can lead not only to
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increased efficiency of these agents but also to increased signal-to-noise ratios for diagnostics and

better efficacy to toxicity ratios for therapeutics. Currently, a whole new spectrum of biopharma-

ceuticals and biotechnological agents for cancer diagnosis and therapy are also being developed.

Some of these materials require special formulation technologies to overcome drug-associated

problems. Although nanoparticles offer improved profiles for some currently approved diagnostic

and therapeutic agents, many biotechnology-based materials absolutely require some method of

delivery that compensates for their poor stability or non-selective activity in a systemic setting.

Nanoparticles offer a set of new opportunities for the development of these agents.29

Nanoparticles can be prepared in such a way as to have diagnostic or therapeutic agents

integrated into them in ways that either freely releases the agents or that requires decomposition

of the nanoparticle for the release to occur. Because of the inherent nature of small (nanometer-

sized) structures, the body can identify and respond to these as foreign. Such a response can by

suppressed by incorporation of agents that might suppress undesirable responses, or the application

can be matched to the nanoparticle to make use of these natural responses. It is even possible to

modify these natural responses to better match the desired clinical outcome. Specific components

used to prepare nanoparticles can affect not only their stability in the body but also their capacity to

be absorbed across natural barriers of the body (e.g., BBB) as well as the inherent systemic

distribution of the nanoparticle that might compete with or complement efforts to selective

targeting strategies.

Without the current fanfare related to nanotechnologies, nanoparticles have been used to

selectively target a number of organs of the body for a number of years. Nanoparticle colloids

were shown to have contrast media properties that related to the unique surface properties of cells in

specific organs of the body.139 Deviations from normal function such as oncogenic transformation

can lead to changes in a cell’s surface properties and its capacity to interact with nanomaterials. For

example, gadolinium-based nanoparticles are taken up by hepatocytes, and by the decreased func-

tion and density of cancer cells in the liver tumors, a reduced level of uptake of these particles can

be used to identify tumors using T1-weighted images obtained from MRI.42

Throughout this chapter, there has been frequent referral to viral infection events as a paradigm

for cellular and intracellular targeting strategies for nanoparticles. Indeed, these materials are very

successful models for nanoparticle targeting because they have developed mechanisms to discrimi-

nate between the various cells of the body (e.g., tropism for only cells of the intestinal tract) and can

deliver labile (polynucleic acids) payloads that dramatically affect cell function. In response to

these nanoparticle invaders, host cells have established intricate and complicated mechanisms that

block viral infectivity and cellular actions. Such evolutionary pressures have led to the incorpor-

ation of intricate and novel methods by viruses to effectively combat these protective systems

established by host cells. It is into this environment where the virus nanoparticles and host cells

have battled back and forth for millennia that efforts to use nanoparticles to deliver agents to

cancers for diagnosis and/or therapy must be framed.

Finally, it is important to sound a precautionary note for the potential to over-engineer nano-

particles. Nanoparticles provide a platform that can potentially be used to simultaneously function

in targeting therapeutic molecules as well a reporter and/or imaging agents. Elegant studies have

been performed with nanoparticles modified three, four, or even five times with materials that

promoted active targeting and/or reduced non-specific targeting as well as corrected undesirable

properties of residence, biodistribution, and stability. Such tour-de-force efforts would be

considered unrealistic by pharmaceutical companies for scaling to a process that would gain

approval from regulatory agencies. Clinical success can be demonstrated for a nanoparticle

system only if it can get to the clinic; a viable production process is critical to this development

path. Therefore, successful applications of nanoparticles in target cancers for therapy and diagnosis

will require designing systems where the inherent activities and distribution of nanoparticle size

and composition allow for minimal modifications that will translate into production process steps.
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4.1 INTRODUCTION

The recent development of nanoscale technologies is beginning to change the foundations of

disease prevention, diagnosis, and treatment. Nanotechnology has allowed improvement of a

novel drug carrier, nanocarrier, involving the nanoscale size and capable of targeting different

cells in the body. These include polymeric micelles, dendrimers, and liposomes. The focus is on

anti-tumor drugs and, although various anti-tumor drugs have been developed for cancer

chemotherapy, such drugs often cause severe side effects related to the high cytotoxicity to

tumor cells, and they are often toxic to normal cells. Therefore, a carefully designed nanocarrier

is required to deliver anti-tumor drugs to their target sites for effective chemotherapy.

Tissue accumulation and cellular uptake of externally administered agents are generally

determined by their physicochemical and biological properties and the anatomical and physiologi-

cal properties of the body or tissues. As far as cancer therapy is concerned, site-specific delivery of

drugs by carrier is broadly categorized as passive and active targeting. Passive targeting is the

method determined by the physicochemical properties of the carrier relative to the anatomical and

physiological characteristics of the tissue. From the 1970s forward, it has been demonstrated that

macromolecule–drug conjugates accumulate in high concentrations in solid tumors and produce a

therapeutic effect on the cancer.1–4 This phenomenon is dependent on the anatomical and physio-

logical characteristics of the solid tumor tissue, including a large vascular permeability, high

interstitial diffusivity, and a lack of lymphatic drainage.5,6 As far as this effect is concerned,

Matsumura and Maeda proposed the concept of an enhanced permeability and retention

effect (EPR effect) of macromolecules in solid tumors.7,8 On the other hand, active targeting

refers to alterations in the drug carrier, using specific interactions such as ligand–receptor and

antigen–antibody phenomena. This approach involves designing carrier materials such as lipids

and polymers and the combination of materials that enable site-specific drug delivery at a cellular or

sub-cellular level.

Because the therapeutic effect of anti-tumor drugs is closely related to their pharmacokinetic

properties, it is important for the rational design of a nanocarrier for targeted delivery to understand

the pharmacokinetics of the nanocarrier in relation to the physicochemical and biological properties

of the drugs involved.9,10 In this chapter, site-specific delivery using nanocarriers is discussed based

on pharmacokinetic considerations. As far as tissue distribution is concerned, because a nanocarrier

possesses several features common to the macromolecule, the pharmacokinetics properties of the

macromolecule are also summarized.
4.2 CHARACTERISTICS OF THE STRUCTURE AND PHARMACOKINETIC

PROPERTIES OF THE NANOCARRIER

Recently, progress in nanotechnology has allowed the development of several types of nanocarriers

capable of delivering drugs to target tissue and cells. Figure 4.1 summarizes typical types of

nanocarriers and their characteristic structures. Because each type of nanocarrier has a unique

structure and physicochemical characteristics, it exhibits unique pharmacokinetic properties in

the body. In order to develop a strategy for establishing a nanocarrier system, it is necessary to

understand these pharmacokinetic properties.
4.2.1 LINEAR POLYMERS

4.2.1.1 Their History and Characteristics

In recent decades, the use of polymers as carriers of both covalently bound and physically entrapped

drugs has been widely explored. The larger hydrodynamic volume of polymers contributes to the
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increase in the plasma half-life of drug–polymer conjugates, increasing the probability of accumu-

lation of the therapeutic agent in the tumor tissue because of the EPR effect. Drug–polymer

conjugates (Figure 4.1) exhibit improved water solubility and reduced toxicity as a result of

accumulation in the target tissue, and they protect the drug from enzymatic degradation or

hydrolysis. However, drugs covalently bound to a polymer lose their pharmacological activity

because a drug cannot interact with the target site because of steric constraints. In this respect,

in 1975, Ringesdorf11 was the first to propose a model for the rational design of a polymer conjugate

with a drug that consisted of five components: the polymeric backbone, the drug, the spacer, the

targeting group, and the solubilizing agent. The polymeric carrier can be either an inert or a

biodegradable polymer. The drug can be fixed directly or via a spacer group onto the polymer

backbone that is about 5–40 kDa. The proper selection of this spacer offers the possibility of

controlling the site and the rate of release of the active drug from the conjugate by hydrolytic or

enzymatic cleavage.
4.2.1.2 Pharmacokinetic Properties and Applications of Drug Carriers

To date, poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) is the most advanced example of a

synthetic polymer used as a drug carrier in both basic research and clinical applications reported by

Duncan12 and Kocheck13. The biocompatibility of this polymer has been well characterized,14 and

it was found to have an inert character when it was injected in the blood stream.15,16 A PHPMA

copolymer conjugated with doxorubicin as an anti-tumor agent linked via a peptidyl linker
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(Gly–Phe–Leu–Gly) was developed. The PHPMA copolymer conjugated with doxorubicin is

stable in plasma17 and has been shown to be concentrated within solid tumor models.18,19 It is

then cleaved intracellulary by lysosomal cysteine proteinases,20 thereby allowing intratumoral

drug release. Preclinical investigations have shown that a PHPMA copolymer conjugated with

doxorubicin has radically different pharmacokinetics compared to free doxorubicin with a distri-

bution plasma half-life that is increased from 5 min to 1 h.21 The stable peptidyl linker also ensures

that little or no free doxorubicin is released into the circulation following intravenous injection,

increasing the therapeutic index of the conjugate. Besides the prolonged circulation in blood and

the high solid tumor accumulation, it is also possible to attach targeting moieties such as

antibody22 and saccharides23 to PHPMA. Another polymer conjugate, poly(ethylene glycol)

(PEG), is the most basic and widely used polymer. Stylene maleic anhydride conjugated with

the anti-tumor protein, neocarzinostatin (SMANCS), has been studied and is already used for the

treatment of hepatocellular carcinoma.24 Furthermore, by attaching homing devices as a cell-

specific uptake enhancer, the biodistribution could be altered and cellular targeting of drugs

conjugated with polymer could be achieved.
4.2.2 POLYMERIC MICELLES

4.2.2.1 Their History and Characteristics

Polymeric micelles that are prepared from amphiphilic block or graft copolymers with a spherical

core and a shell with a carrier size of 10–100 nm have been undergoing investigation since 1984

and have been studied more actively since 1990.25–27 The term block refers to the linear architecture

of the copolymer in which the end of one segment is covalently joined to the head of the other

segment to give a diblock AB type (Figure 4.1) or multiple block (ABn) type copolymers. On the

other hand, graft copolymers have a comb-like structure with hydrophilic segments attached on the

side of the cationic segments. Although the influence of the copolymer architecture on biological

activity has not yet been clarified, both block and graft copolymers can form polymeric micelles

because of their amphiphilic character. Interactions between the polymer chains that serve as the

driving force for micelle formation include hydrophobic, electrostatic, and p–p interactions and

hydrogen bonding. Because hydrophobic drugs can be stably trapped in the hydrophobic core of the

polymeric micelles and exhibit water-solubility, polymeric micelles are attractive carriers for

hydrophobic drugs. Moreover, electrostatic (ionic) interactions involving the hydrophilic surface

of polymeric micelles may also be applicable to macromolecules possessing many electrostatic

(ionic) charges, e.g., DNA.28
4.2.2.2 Pharmacokinetic Properties and Applications as Drug Carriers

Early reports showed that the anti-cancer drug, doxorubicin, could be incorporated into a PEG-

polyaspartate block copolymer.29,30 PEG constituted the outer shell of the micelle that conferred a

stealth property on the drug. After intravenous injection, doxorubicin incorporated in polymeric

micelles was less avidly taken up by the reticuloendothelial system (RES) and could be retained in

the circulation for a longer time compared with an intravenous injection of doxorubicin alone.29

The in vivo anti-tumor activity against Colon-26 solid tumors showed that there was critical

suppression of tumor growth and a prolonged life span for doxorubicin incorporated in polymeric

micelles when administered to mice.30

Another type of polymeric micelle composed poly(ethylene oxide–aspartate)block copolymer

and doxorubicin conjugate also exhibited a sustained circulation in blood,31 reduced uptake by the

RES, and more than 100 times higher accumulation in tumors in Colon-26 tumor-bearing mice.32

Another report described the tumor-targeting delivery of paclitaxel by block copolymers producing

both anti-tumor activity and a reduction in a major side effect of paclitaxel, neurotoxicity.33
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In a previous study, all-trans retinoic acid (ATRA) incorporated polymeric micelles produced a

higher AUC and lower hepatic clearance than free ATRA, demonstrating escape from the RES.34

Polymeric micelles have also been used in an active targeting approach, using the fact that

certain pathological processes are associated with local temperature increase and/or acidosis. The

use of polymeric micelles prepared from thermo-35,36 or pH-sensitive37 block co-polymers allows

the disintegration of micelles and release of the incorporated drugs specifically at the site of interest.

Additionally, the micelles can be targeted by attaching to their surface a vector molecule such as an

antibody, peptide, lectin, saccharide, hormone, or some low-molecular weight compounds if this

vector molecule binds to ligands characteristic of the site of interest.
4.2.3 DENDRIMERS

4.2.3.1 Their History and Characteristics

Dendrimers are a new class of polymeric materials discovered in the 1980s that are highly

branched, monodisperse macromolecules. These hyperbranched molecules were described by

Tomalia et al.38 and named dendrimers. The word dendrimer comes from the Greek dendron,

meaning a tree or a branch, and meros meaning part. At the same time, Vogtle and his co-workers39

published the first report of the synthesis of polymers with a dendritic structure that they called

cascade molecules. Newkome et al.40 independently reported the synthesis of similar macro-

molecules that they called arboros from the Latin word arbor, meaning a tree.

Although linear polymers are highly polydisperse with a wide range of molecular weights

because of their automatic assembly, dendrimers are mono dispersed or low-polydispersed that

is necessary for homogeneous and reproducible pharmacokinetic properties. Therefore, dendrimers

that have well-defined structures and flexible functions are good candidates for drug carriers.

Poly(amidoamine) (PAMAM) dendrimers (Figure 4.1) are the first complete dendrimer family

to be synthesized, characterized, and commercialized. Dendrimers have a molecular architecture

characterized by regular, dendric branching with radial symmetry. The molecular weights are

similar to those of proteins, and their size ranges from 1 to 10 nm with each generation, or

layer, of polymer adding 1 nm to the diameter of the molecule.41 Lower generation dendrimers

have a highly asymmetric shape and possess more open structures compared with those of a higher

generation. As the chains growing from the core molecule become longer and more branched,

dendrimers adopt a globular structure. Dendrimers become densely packed as they extend out to the

periphery that results in a closed membrane-like structure. When a critical branched state is

reached, dendrimers cannot continue to grow because of a lack of space. This is called the starburst

effect. In the case of PAMAM dendrimer synthesis, this was observed after the 10th generation that

contains 6141 monomer units and has a diameter of about 12.4 nm.41
4.2.3.2 Pharmacokinetic Properties and Applications as Drug Carriers

As far as dendrimers’ pharmacokinetics are concerned, the biodistribution of [14C] labeled

PAMAM dendrimers after intravenous injection was determined for generation 3, 5,

and 7 PAMAM dendrimers.42 At each generation, the biodistribution characteristics were different.

Generation 3 dendrimers showed the highest accumulation in kidney (15% of dose/g tissue over

48 h); however, generation 5 and 7 dendrimers preferentially accumulated in the pancreas

(peak level 32% dose/g tissue at 24 h and 20% of dose/g tissue at 2 h, respectively). In addition,

generation 7 dendrimers showed extremely high urinary excretion with values of 46 and 74% of

dose/g tissue at 2 and 4 h, respectively. These results suggested that the biodistribution of a

dendrimer depended on the generation because physicochemical properties were determined by

the generation. Other reports described the biodistribution of [3H]-labeled neutral and positively
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charged generation 5 PAMAM dendrimers in a tumor-bearing mouse model.43 Both neutral and

positively charged dendrimers showed a similar biodistribution trend 1 h after intravenous injec-

tion; the highest level was found in the lungs, kidney, and liver (positive, 28–6.1% of dose/g

tissue; neutral, 5.3–2.9% of dose/g tissue) followed by the tumor, spleen, and pancreas (positive,

3.3–2.6% of dose/g, tissue; neutral 3.4–0.92% of dose/g tissue). Differences between neutral and

positively charged dendrimers were observed for accumulation in the lung. A high lung accumu-

lation of cationic dendrimer was found compared with conventional cationic liposomes, and this

may be explained by the stacking to the capillary vessels of the lung. Moreover, [14C]-labeling

of the dendrimer results in partial neutralization of the dendrimer. Therefore, different biodis-

tribution properties were observed in the lung and liver accumulation between [14C]-and [3H]-

labeled dendrimers. These results suggest that the biodistribution properties of radio-labeled

dendrimers have to be examined carefully, taking into consideration the surface charge

caused by the radio-labeling. As far as tumor accumulation is concerned, this may be explained

by the EPR effect.

Drug delivery applications of dendrimers have been studied by Szoka and co-workers.44 The

biodistribution of doxorubicin covalently bound via a hydrazone linkage with a polyester dendritic

scaffold based on 2,2-bis(hydroxymethyl)propanoic acid was examined. After intravenous injec-

tion, doxorubicin was extracted from the tumor and organs. Compared with free doxorubicin, the

serum half-life was significantly increased. Therefore, this dendrimer would be a promising drug

carrier for cancer therapy.
4.2.4 LIPOSOMES

4.2.4.1 Their History and Characteristics

Liposomes that are vesicles of lipid bilayers were first prepared in the 1960s. Liposome encapu-

sulation has been proven useful for reducing the toxicity of drugs and increasing the solubility of

hydrophobic drugs. However, liposomes tend to be trapped by the RES after intravenous injection.

Therefore, allowing escape from the RES is one of the key strategies for developing cell-specific

carriers because liposomes escaping from the RES accumulate in tumor tissue by a passive

mechanism. As far as methods of escaping from the RES are concerned, Allen et al. in 198745

were the first to show that ganglioside and sphingomyelin (SM) synergistically acted to dramati-

cally reduce the rate and extent of uptake of liposomes by the RES; therefore, this type of liposome

is called a stealth liposome. In 1990, Klibanov et al.46 demonstrated that PEG-liposomes prepared

as poly (ethylene glycol)–phosphatidylethanolamine conjugates (PEG–PE) could also reduce

uptake by the RES. Because PEG is easy to prepare and relatively cheap, and it has controllable

molecular weight and is able to bind to lipids or proteins, it can be used for active targeting such as

glycosylated liposomes47 and immuno-liposomes.48

On the other hand, as far as active targeting is concerned, the receptor-mediated endocytosis

systems present in various cell types would be useful, and a number of gene delivery systems were

developed in the 1990s. Ligand–receptor recognition is an attractive tool for the development of

cell-specific targeting systems; i.e., galactose to asialoglycoprotein receptors expressed on hepato-

cytes parenchymal cell (PC),49 mannose to mannose receptors expressed on macrophages,

sinusoidal endothelial cells, Kupffer cells, and dendritic cells,50 folate receptors expressed on

cancer cells,51 and so on. As far as the size effect is concerned, it is possible to prepare liposomes

of the size required by filtration. Because capillary vessels in a human tumor inoculated into SCID

mice are permeable even to liposomes up to 400 nm in diameter,52 liposomes with a diameter less

than 50–200 nm are typically used. On the other hand, with regard to the effect of the surface charge

of liposomes, it is known that strongly cationic liposomes highly accumulate in the lung after

intravenous injection. Table 4.1 summarizes liposomes for drug delivery.
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TABLE 4.1
In Vivo Targeted Drug Delivery

System Method Target Tissue (Cell) Reference

EPR (prolongation of circulating) Sphingomyelin modification Tumor 45

53

55

56

PEG modification Tumor 46

57

58

59

Asialoglycoprotein receptor mediated Galactose modification Liver (hepatocyte) 62

63

64

61

65

Mannose receptor mediated Mannose modification Liver (non-parenchymal cell) 66

67

71
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4.2.4.2 Pharmacokinetic Properties and Applications of Drug Carriers

SM-liposomes described by Allen et al. dramatically reduced the uptake by the RES and exhibited a

prolonged circulation in blood and, consequently, accumulated in tumor tissue.45 Gabizon and

Papahadjopoulos53 have examined a number of other natural and synthetic lipids to prolong the

circulation time and lead to preferential uptake by tumor cells in vivo. In these respects, SM-con-

taining liposomes would be an attractive option as a tumor targeting carrier for highly lipophilic

anti-tumor drugs. The preparation of SM containing emulsion formulations has been also described

to prolong the blood retention of encapsulated [3H] labeled ATRA.54 Furthermore, after the intra-

venous injection of vincristine encapsulated in SM-liposomes, the plasma vincristine level was

7-fold higher than that following administration in the form of bare liposomes, and the half-life of

the elimination from the circulation was prolonged.55,56 The improved circulation lifetime of

vincristine in SM-liposomes correlated with the increased vincristine accumulation in subcutaneous

solid A431 human xenograft tumors. Moreover, treatment with vincristine in SM-liposomes

delayed the increase in tumor mass.55

PEG-liposomes are the most widely studied stealth liposomes. This occurs because the presence

of PEG protects liposomes from the interaction with opsonins in the blood plasma and prevents their

rapid uptake by the RES.46,57,58 Therefore, doxorubicin encapsulated into PEG liposomes exhibited

a dramatically increase in circulating time in blood and much better therapeutic efficacy as compared

with the free drug. Therefore, they are currently being used in the clinic as a component of Doxilw.59

On the other hand, as far as active targeting is concerned, galactose modification could be an

attractive tool for PC targeting of lipophilic drugs. Recently, a novel galactosylated cholesterol

derivative, Gal-C4-Chol, that could be stably incorporated into liposomes by means of its lipophilic

anchor and allowed the introduction of galactose residues on the surface of the liposomes was

synthesized.60,61 After intravenous injection, galactosylated liposomes prepared using Gal-C4-Chol

were preferentially taken up by the liver.62 In addition, prostaglandin E63 and probucol64 were

investigated as model lipophilic drugs incorporated in galactosylated liposomes prepared using

Gal-C4-Chol, and they were found to be effectively taken up by PC. Recently, other types of

galactosylated liposome were developed.65
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Using a mannosylated cholesterol derivative (Man-C4-Chol) that was synthesized by the same

method as Gal-C4-Chol, mannosylated liposomes (Man-liposomes) for non-parenchymal cell

(NPC) and macrophages targeting were prepared.66–68 As far as cancer immunotherapy was

concerned, macrophages, Kupffer cells, and dendric cells are attractive targets. These cells

expressed a large number of mannose receptors on the cell surface and, therefore, Man-liposomes

would be ideal carriers for cancer therapy. Previous studies have shown that Kupffer cells

(contained in NPC) can be activated to a tumor reducible state by the administration of immuno-

modulators such as muramyl dipeptide.69 However, muramyl dipeptide parentally administrated in

free form is rapidly cleared from the body and excreted in the urine.70 It was demonstrated that

active targeting of muramyl dipeptide to liver non-parenchymal cells by Man-liposomes resulted in

more effective inhibition of liver metastasis than delivery of muramyl dipeptide by liposomes

without mannose.71 Moreover, treatment with muramyl dipeptide incorporated in Man-liposomes

increased the survival of tumor-bearing mice.71
4.3 PHARMACOKINETIC ANALYSIS AND TISSUE DISTRIBUTION

CHARACTERISTICS OF MACROMOLECULES

The pharmacokinetic characteristics are generally determined by the physicochemical properties of

the molecule such as the size, molecular weight, and surface charge.3 Moreover, specific

interactions such as ligand–receptor or antibody–antigen have a major effect on the characteristics

of the molecule after intravenous injection.4 The former factors are closely related to passive

targeting, and the latter factors are closely related to active targeting. Figure 4.2 summarizes the
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lated superoxide dismutase; PEG-SOD, pegylated superoxide dismutase; Cat-BSA, cationized bovine serum
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Hashida, M., Pharm. Res., 12, 1995; Hashida, M., et al., J. Control. Release, 41,1996; Fujita, T., et al., J.

Pharmacol. Exp. Theor., 263, 1992; Yamasaki, Y., et al., J. Pharmacol. Exp. Theor., 301, 2002; Yabe, Y.,

et al., J. Pharmacol. Exp. Theor., 289, 1999.)
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effect of size, charge, and ligand modification of macromolecules on hepatic uptake clearance and

urinary excretion clearance that essentially decide the pharmacokinetic properties of the macro-

molecule. Understanding the effect of the physicochemical properties of macromolecules on their

tissue distribution allows theoretical design delivery systems, involving nanocarriers.

4.3.1 EFFECT OF SIZE ON THE PHARMACOKINETIC PROPERTIES

After intravenous injection, the kidney plays an important role in the disposition of macromolecules

circulating in the blood. Macromolecules with a molecular weight of less than 50,000 (approxi-

mately 6 nm in diameter) are susceptible to glomerular filtration and are excreted in the urine.72–75

Therefore, low molecular weight drugs and oligonucleotides with a lower molecular weight

undergo rapid glomerular filtration by the kidney.76,77 On the other hand, pDNA is too large to

be filtered without degradation.78

4.3.2 EFFECT OF CHARGE ON THE PHARMACOKINETIC PROPERTIES

Electric charge is also an important factor in determining the pharmacokinetic properties of macro-

molecules.79 Because the glomerular capillary walls also function as a charge-selective barrier

having negative charges, positively charged macromolecules exhibit higher glomerular per-

meability than anionic macromolecules of similar molecular weights. Larger molecular weight

cationic macromolecules escaping glomerular filtration mainly accumulate in the liver, kidney,

and lung.80–82 This phenomenon can be explained by following factors:

1. Because the cell surface is negatively charged in general, cationic molecules tend to

electrostatically bind to it.

2. Because the liver and kidney have fenestrated capillaries, macromolecules can cross the

endothelial barrier.

3. Direct interaction with the lung endothelial cells.

4. Embolization of aggregates of the complex with negatively charged blood components.

On the other hand, strongly negatively charged macromolecules are taken up by liver non-

parenchymal cells through liver fenestrae by scavenger receptor-mediated endocytosis.78,83 Neutral

or weakly anionic macromolecules with a molecular size that does not allow glomerular filtration

such as polyethylene glycol and serum albumin posses a very weak affinity for the cell surface, and

they are cleared very slowly.7,8,84,85 Consequently, such neutral or weakly anionic macromolecules

have a longer elimination half-life compared with the approximately same sized macromolecule

with a strong negative or positive charge.

4.3.3 EFFECT OF MODIFICATION FOR CELL-SELECTIVE DELIVERY

Ligand modification for active targeting using receptor-mediated uptake markedly affects the

pharmacokinetic properties of macromolecules.4 For example, pharmacokinetic studies of

receptor-mediated targeting to liver parenchymal cells via galactose recognition have been

carried out based on the clearance concept. Galactose modification increased the hepatic uptake

of macromolecules of different molecular weights.3 The clearance was almost the same as the

hepatic flow rate in mice, showing that it is almost identical to the theoretical maximum value.
4.4 NANOCARRIERS FOR GENE DELIVERY

In addition to traditional drugs, pDNA has recently also been used as a drug for cancer therapy; for

example, antigen-encoding pDNA has a potential application in DNA vaccine therapy for cancer.

Moreover, new techniques to inhibit target gene expression through transcriptional regulation
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without any changes in the functions of other genes using synthetic oligonucleotides such as

antisense DNA, decoy oligonucleotide, and siRNA have been also considered as a novel anti-tumor

chemotherapy. However, because pDNA and synthetic oligonucleotides are easily degraded or

metabolized, there is no cell selectivity, and enough transgene expression or inhibition of target

gene expression for effective therapy could not be achieved by the administration of naked pDNA

or oligonucleotides. Therefore, for effective therapy, it is essential to develop a novel carrier that

makes it possible to deliver such drugs to the target tissue or cells.

4.4.1 POLYMERS

Polymeric micelles prepared from cationic copolymer could be a novel gene carrier. After

preparing a pDNA complex (standard size 5,000–7,000 bp), the mean particle of the complex is

about 50–200 nm. pDNA entrapped in polymeric micelles is highly resistant to nuclease

degradation.28

Dendrimers are also an attractive carrier for gene delivery because they can interact on an

electrostatic charge basis with biologically relevant polyanions such as nucleic acids86 and pDNA87

because their surfaces are covered with primary amino groups. Moreover, chemical or biological

modification of the surface of dendrimers would make them more effective drug or gene carriers.

4.4.2 LIPOSOMES

Liposomes with cationic charge on their surface are novel carriers for genes. Several kinds of

liposomes for gene delivery have been developed depending on passive or active targeting

mechanisms. Table 4.2 summarizes liposomes for gene delivery.

4.4.2.1 Cationic Liposomes for Lung Targeting

After intravenous administration of pDNA complex, the immediate effect on the complex of

erythrocytes is to induce aggregation.88 Large aggregates (O400 nm) may be readily entrapped

in the lung capillary. Mahato et al. demonstrated that cationic liposome/[32P] pDNA complexes

(lipoplexes) were rapidly cleared from the blood circulation and accumulated extensively in the

lung and liver.89 In addition, [32P] lipoplexes were predominantly taken up by the liver NPC and
TABLE 4.2
In Vivo Targeted Gene Delivery

System Liposome Target Tissue (Cell) Reference

Capillary trapping Cationic-liposome Lung 90

89

91

93

Asialoglycoprotein receptor madiated Asialofetuin-liposome Liver (hepatocyte) 96

Galactose-liposome Liver (hepatocyte) (hepatocyte) 97

60

98

Mannose receptor mediated Mannose-liposome Liver (non-parenchymal cell) 66

94

95

Folate receptor mediated Folate-liposome Tumor cell 99

100
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this uptake was inhibited by the pre-administration of dextran sulfate, suggesting the involvement

of a phagocytic process. However, gene expression after intravenous administration of lipoplexes

was extremely high in the lung.90–92 It is well known that IFNb exhibits anti-tumor activity. Taking

this into consideration, intravenously injected pDNA encoding IFNb complexed with cationic

liposome was found to significantly inhibit established metastatic lung tumors in CT-26 cells

inoculated into mice.93
4.4.2.2 Mannose Liposomes for Liver NPC Targeting

Because Man-C4-Chol has a cationic charge, a cationic charge could also be induced on the

surface of a Man-liposome. Therefore, Man-liposomes are also an attractive potential gene carrier

because of this cationic charge that would allow electrical interaction with the gene. As far as

in vivo gene transfection is concerned, the highest gene expression was observed in the liver after

intravenous injection of pDNA/Man-liposome complexes (Man-lipoplex) in mice.66–68 In

addition, gene transfer by a Man-liposome was mannose receptor-mediated because the gene

expression with Man-lipoplex in the liver was significantly reduced by pre-dosing with manno-

sylated bovine serum albumin. Because macrophages in the liver and spleen exist at the

endothelial cells intervals and could make contact with the complex without passing through

the sinusoid (100–200 nm), cell-selective gene transfection could be achieved by intravenous

administration of Man-lipoplex. Therefore, a mannosylated gene carrier would be effective for

the NPC-selective gene transfection system even after intravenous administration.94 As far as the

application to cancer therapy using targeted gene delivery by mannosylated liposomes is

concerned, DNA vaccine therapy is suitable because antigen encoded pDNA can be efficiently

transfected into dendritic cells that expressed a large number of mannose receptors. Recently,

Hattori et al.95 demonstrated that the targeted delivery of a DNA vaccine by Man-liposomes is a

potent method for DNA vaccine therapy.
4.4.2.3 Galactose Liposomes for Liver PC Targeting

PC exclusively expresses large numbers of high affinity cell-surface receptors that can bind asia-

loglycoprotein and internalize to the cell interior. In order to achieve PC-specific gene transfection,

galactose moieties are introduced into the cationic liposomes. The galactosylation of liposomes can

be achieved by coating with either glycoproteins or galactose conjugated synthetic lipids. Hara et

al.96 reported that asialofetuin-labeled liposomes encapsulating pDNA were taken up by asialogly-

coprotein receptor-mediated endocytosis using cultured PC and showed the highest hepatic gene

expression after intraportal injection with a preloading of EDTA. Gal-C4-Chol that possess a

similar structure to Man-C4-Chol was synthesized.58 In vivo gene transfer was examined by

optimizing the pharmacokinetics and physicochemical properties.97 The radioactivity in the liver

from the Gal-liposome/[32P] pDNA complex (Gal-lipoplexes) was about 75% of the dose even

1 min after intraportal administration. The hepatic gene expression of Gal-lipoplexes was more than

a 10-fold greater than that of lipoplexes with bare cationic liposomes. When gene expression was

examined at the intrahepatic cellular level, the gene expression of PC of Gal-lipoplexes was

significantly higher than that of liver NPC. On the other hand, the gene expression of PC and

NPC of lipoplexes was almost identical. In addition, asialoglycoprotein receptor-mediated endo-

cytosis was also confirmed by the inhibitory effect of pre-dosing an excess amount of galactosylated

bovine serum albumin. It was previously reported that the lipoplexes interact with erythrocytes after

intravenous administration.88 Recently, the presence of an essential amount of sodium chloride

(NaCl) during the formation of Gal-lipoplexes stabilizing the complexes in accordance with the

surface charge regulation (SCR) theory was demonstrated.98 The transfection activity in hepato-

cytes of SCR Gal-lipoplexes was significantly higher than that of conventional complexes.
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4.4.2.4 Folate Receptor-Mediated Targeting

The folate receptor is known to be over expressed in a large fraction of human tumors, but it is only

minimally distributed in normal tissues. Therefore, the folate receptor has also been used as a tumor-

targeting ligand for several drug delivery systems. Recently, Hofland et al. synthesized folate-PEG-

lipid derivatives to prepare folate-modified cationic liposomes.99 After an intravenous injection of

folate–conjugated liposome complex, gene expression in the tumors was not changed, whereas gene

expression in the lung was reduced as compared with the conventional complex. However, after

intraperitoneal injection in a murine disseminated peritoneal tumor model, folate–conjugated lipo-

some complex formulations produced approximately a 10-fold increase in tumor-associated gene

expression compared with conventional complex.100
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5.1 INTRODUCTION

The use of nanoparticles in cancer therapy is attractive for several reasons: they exhibit unique

pharmacokinetics, including minimal renal filtration; they have high surface-to-volume ratios

enabling modification with various surface functional groups that home, internalize, or stabilize;

and they may be constructed from a wide range of materials used to encapsulate or solubilize

therapeutic agents for drug delivery or to provide unique optical, magnetic, and electrical properties

for imaging and remote actuation. The topology of a nanoparticle—core, coating, and surface

functional groups—makes it particularly amenable to modular design, whereby features and

functional moieties may be interchanged or combined. Although many functionalities of nanopar-

ticles have been demonstrated, including some clinically approved drug formulations and imaging

agents,3,8 the consolidation of these into multifunctional nanoparticles capable of targeting,

imaging, and delivering therapeutics is an exciting area of research that holds great promise for

cancer therapy in the future.

Figure 5.11 schematically depicts a hypothetical multifunctional particle that has been engine-

ered to include many features such as the ability to target tumors, evade uptake by the

reticuloendothelial system (RES), protect therapeutics that can be released on demand, act as

sensors of tumor responsiveness, and provide image contrast to visualize sites of disease and

monitor disease progression. Some of these features, such as targeting, leverage biological

machinery. Others are derived synthetically and enable external probing or manipulation that is

otherwise not feasible in biological systems. In this chapter, we review both bio-inspired and

synthetic nanoparticle functionalities that have been used in cancer therapy and address both

current efforts and future opportunities to combine these into multifunctional devices.
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FIGURE 5.1 Schematic depiction of a multifunctional nanoparticle. A hypothetical nanoparticle targets the

tumor, senses and reports molecular signatures, and delivers a therapeutic in response to an external or

biological trigger. (From Ruoslahti, E., Cancer Cell, 2, 97–98, 2002.)
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5.2 MODULAR FUNCTIONALITIES AT THE BIOSYNTHETIC INTERFACE

5.2.1 TARGETING

The ability to physically target diseased cells to receive therapeutics while avoiding residual uptake

in other tissues has long been a goal in cancer therapy.9–12 The homing of stem cells to a tissue

niche, or the susceptibility of one cell over another to viral infection, demonstrates that biomole-

cular recognition can be used to direct species to specific extracellular and intracellular sites. The

microenvironment of the tumor including cell-surface markers, extracellular matrix, soluble

factors, and proteases, as well as the tumor’s unique architecture and transport properties, may

be exploited for targeting.13–17

Both passive and active targeting have been utilized for nanoparticle delivery. Passive targeting

relies upon the unique pharmacokinetics of nanoparticles including minimal renal clearance and

enhanced permeability and retention (EPR) through the porous angiogenic vessels in the tumor.18,19

Surface attachment of polymers such as poly(ethylene glycol) (PEG) and poly(ethylene oxide)

(PEO) enables nanoparticles to avoid uptake by mononuclear phagocytes in the liver, spleen, and

lymph nodes, thereby improving accumulation in the tumor.20–22 Active targeting relies on ligand-

directed binding of nanoparticles to receptors expressed in the tumor. Binding of ligands to the

vasculature can occur immediately, as it is directly accessible to nanoparticles circulating in the

blood. Over longer time periods, particles extravasate into the tissues where receptors expressed on

cancer cells and in the interstitium may be used for localization.23–25

Many candidate tumor markers have been described, some of which bind known ligands such

as arginine–glycine–aspartic acid (RGD)-binding Vb3 and Vb5 integrins expressed on the surface of

angiogenic blood vessels, and folic acid-binding receptors on the surface of cancer cells. These and

others have been attached to the surface of various nanoparticle cores to deliver them to

tumors.17,26–28 Monoclonal antibodies have also been used extensively for targeting. These can

be isolated with high affinity for tumor markers and are useful for targeting receptors of unknown or

low affinity ligands.29,30 Novel screens for discovering tumor homing ligands have been developed

using phage and bacterial display as well as libraries of aptamers, peptides, polymers, and small

molecules.31,32 These techniques may be used to isolate targeting ligands, even when their target
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receptor is unknown. For example, the 34 amino acid, cationic peptide F3, which has been used to

deliver quantum dots to tumor endothelium, was uncovered initially by a blind-page display screen

in a breast cancer xenograft model and later found to bind cell surface nucleolin expressed on tumor

endothelium and cancer cells.6,33,34

Although extracellular targeting to the tumor is sufficient for many modes of imaging and drug

delivery, intracellular delivery of nanoparticles into the cytosol is essential for some applications.

For example, nanoparticles carrying membrane-impermeable cargo that perform their function in

the cytosol, such as siRNA, antisense DNA, peptides, and other drugs, are minimally effective if

delivered extracellularly or sequestered in the endosome.35 Protein and peptide motifs capable of

translocating nanoparticles into the cytoplasm have been borrowed from mechanisms of viral

transfection. Two important classes of translocating domains include polycationic sequences and

membrane fusion domains. Attaching the short polycationic sequence of HIV’s TAT protein, amino

acid residues 48–57, to a nanoparticle facilitates its adsorption on a cell surface and subsequent

internalization into the cell.36,37 This peptide has been used to internalize dextran coated iron-oxide

nanoparticles into T-cells in vitro, which were subsequently used to monitor T-cell trafficking in

tumors with MRI.38 Use of this peptide for intracellular delivery in vivo is limited by the adverse

effect that polycationic sequences have on nanoparticle circulation time and RES uptake.39 The

amphiphilic domain derived from the N-terminus of the influenza protein hemagluttinin (HA2) is a

membrane fusion peptide that destabilizes the endosome at low pH and facilitates viral escape into

the cytosol.40 Variations of this peptide with improved infectivity have also been synthesized.41

Influenza-derived peptides have been used to enhance the delivery of liposomes as well as 100 nm

poly-L-lysine particles. Although the peptide modification of these particles improves endosomal

escape over unmodified particles, the transfection efficiency still remains well below that of intact

viruses.42,43

Another level of targeting can occur after translocation of nanoparticles into the cytosol to

direct nanoparticles to specific sub-cellular structures. Using peptide localization sequences, fluor-

escent quantum dots have been targeted to the nucleus and the mitochondria (Figure 5.2).2 Several

other localization sequences exist and could be used to traffic nanoparticles to the endoplasmic

reticulum, golgi apparatus, or peroxisomes. Although work in this area has been focused on

organelle labeling, the potential for delivering therapeutic nanoparticles to sub-cellular structures

is possible. Such nanoparticles could sense sub-cellular aspects of disease or specifically intervene

for more potent treatment or eradication of cancer cells (i.e., free-radical-mediated mitochondrial

damage to induce apoptosis).
5.2.2 IMAGING AGENTS

Imaging cancer is crucial for guiding decisions about treatment and for monitoring the efficacy of

administered therapies. The use of nanoparticles for image contrast and enhancement has enabled

improvements in cancer imaging by conventional modalities, such as magnetic resonance imaging

(MRI) and ultrasound, and has also established new techniques such as optical-based imaging for

cancer detection.39,44,45 Targeted imaging agents that can identify specific biomarkers have the

potential to improve detection, classification, and treatment of cancer with minimal invasiveness

and reduced costs.

The use of nanoparticles in cancer imaging has already demonstrated clinical efficacy in

detecting liver cancer and staging lymph node metastasis noninvasively.3,46 Superparamagnetic

iron-oxide nanoparticles disrupt local magnetic field gradients in tissues, causing a detectable signal

void in MRI. Dextran coated iron-oxide nanoparticles administered intravenously get phagocytosed

by normal macrophages of the liver and lymph and the failure of these tissues to darken after iron-

oxide administration identifies invading cancer cells. Directly targeting these magnetic nanoparti-

cles to cancer cells has also been demonstrated. For example, herceptin mAb and folic acid on the

surface of iron-oxide nanoparticles enable MRI-based molecular imaging of their respective targets
q 2006 by Taylor & Francis Group, LLC



QD+NLS

QD+MLS MergeMitotracker

70kD Dextran Merge

FIGURE 5.2 (See color insert following page 522.) Labeling of intracellular targets with peptide labeled

quantum dots. Quantum dots (QD) modified with PEG and a nuclear localization sequence (NLS) or a

mitochondrial localization sequence (MLS) were shown to target the nucleus or mitochondria of cells respect-

ively. Seventy kilo Dalton PEG distributed in the cytoplasm contrasts nuclear localization while MitoTracker

colocalizes with mitochondrial localization. (From Derfus, A. M., Chan, W. C. W., and Bhatia, S. N.,

Advanced Materials, 16, 961, 2004.)
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in tumors.47,48 Other nanoparticle cores including dendrimers, micelles, and liposomes modified

with paramagnetic gadolinium have also been used for tumor targeted MRI contrast.48–50

Gold nanoshells offer a promising alternative to MRI probes by providing contrast for optical

imaging.45 These nanoparticles are constructed from a dielectric core (silicon) and a metallic

conducting shell (gold). By varying the dimension of the core and shell, the plasmon resonance of

these particles can be engineered to either absorb or scatter wavelengths of light, from UV to infrared.

Particles that are tailored to scatter light in the near-infrared, where tissues have minimal absorbance,

have been used to enhance imaging modalities such as reflectance confocal microscopy and optical

coherence tomography (OCT).51 Although the penetration of optical techniques does not approach

that of CT or MRI, imaging features is possible at depths of a few centimeters. Gold colloids have also

been used for optical contrast, but these lack the inherent tunability of nanoshells. The conjugation of

optical contrast agents to antibodies has been used for the molecular imaging of the EGFR receptor on

early cervical precancers and for Her2C breast carcinoma cells in mice.52,53

Fluorescent nanoparticles offer another useful tool to enhance optical detection. These probes

are identified easily in microscopy and are useful for tracking the biodistribution of nanoparticles

in experimental models. Fluorescent semiconductor nanocrystals, quantum dots, have been used

to show ligand-mediated nanoparticle targeting to distinct features in the tumor.6 Three different

phage display-derived peptides were used to specifically target these nanocrystals to tumor blood

vessels, tumor lymphatics, or lung endothelium (Figure 5.3). Functionalization of these nanopar-

ticles with PEG eliminated detectable accumulation in RES organs, including the liver

(Figure 5.4). Quantum dots have a distinct advantage over conventional fluorophores because
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FIGURE 5.3 (See color insert following page 522.) Noninvasive detection of lymph node metastasis with

iron-oxide nanoparticles and MRI. (a) A three-dimensional reconstruction using nanoparticle-enhanced MRI

of the prostate. Metastatic lymph nodes are in red and normal nodes are in green. (b) Conventional MRI image

shows similar signal intensity from two adjacent nodes. (c) Nanoparticle-enhanced MRI shows a decreased

signal in the normal node from macrophage uptake (thick arrow), but not in the metastatic node (thin arrow).

(From Harisinghani, M. G. and Weissleder, R., Plos Medicine, 1, 202–209, 2004.)
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of their size-tunable excitation and emission profiles, narrow bandwidths, and high photo-stab-

ility.54,55 Using nanocrystals that fluoresce in the near-infrared could extend their utility to clinical

settings,56 though a key limitation has been their potential toxicity because they are formulated

from heavy metals.57 Efforts to make these of nontoxic materials are ongoing (Figure 5.4).

Alternative fluorescent nanoparticle probes have been developed including fluorescently tagged

dendrimers and fluorophore-embedded silica nanoparticles.58–60

Nanoparticle formulations that provide contrast for other imaging modalities including ultra-

sound and CT have been described. Perfluorocarbon emulsion nanoparticles composed of lipid-

encapsulated perfluorocarbon liquid, about 250 nm diameter, are effective in giving echo contrast.61

Air-entrapping liposomes formulated from freeze-drying techniques have also been developed to

give ultrasound contrast.62,63 These agents passively distribute in RES organs and areas of angio-

genenis enabling enhanced imaging of these features. Bismuth sulfide nanoparticles can be used as

contrast agents for CT imaging, giving blood pool contrast similar to that of iodine but at lower

concentrations. These can also be used to image lymph nodes after phagocytic uptake.64 As with

other imaging modalities, the attachment of appropriate ligands to nanoparticle-based CT and

ultrasound contrast agents could be used for molecular imaging.

An interesting extension of the imaging agents described above is their combination into

multimodal imaging nanoparticles. The combination of fluorescence and magnetic properties

within a single particle has been used for dual optical and MRI imaging. Fluorescence is used to

determine the localization of targeted imaging agents down to specific micro-structures inside and

outside cells and magnetic domains provide three-dimensional whole-body imaging capabilities

with MRI.59,65 These magneto-fluorescent nanoparticles could be effective for image guided

surgeries where MRI is used to locate cancer in the body and fluorescence is used to more precisely
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FIGURE 5.4 (See color insert following page 522.) Targeting quantum dots (QDs) to site-specific endo-

thelium with phage display-derived peptides. (a) Schematic representation of co-injected red and green

quantum dots that home to tumor and lung vasculature respectively after intravenous injection. (b) Schematic

representation of peptide-coated QDs and peptide-coated PEG-QDs. (c) QDs labeled with the tumor endo-

thelium homing peptide F3 co-localize with a blood vessel marker. (d) QDs labeled with the tumor lymphatic

homing peptide Lyp-1 highlight the endothelium but do not colocalize with a blood vessel marker. (From

Akerman, M. E., Chan, W. C. W., Laakkonen, P., Bhatia, S. N., and Ruoslahti, E., Proceedings of the National

Academy of Sciences of the United States of America, 99, 12617–12621, 2002.)
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delineate tumor borders during resection. Other dual-imaging probes have been described

including: perfluorocarbon emulsions tagged with gadolinium for combined ultrasound and MRI.66

5.2.3 SENSING

Functionalities that undergo chemical alterations in response to enzymatic activity or other

properties such as pH or oxygen could be used as sensors to report information about the status of

the tumor or efficacy of treatment. Many nanoparticle-based sensors that respond to biological

triggers including proteases, DNAses, proteins, peroxidase, pH, and others have been demonstrated

in vitro.67–72 These generally rely on assembly or disassembly of inorganic nanocrystals

including: gold nanoparticles, nanoshells, or nanorods, which undergo a shift in their plasmon

resonance when aggregated; iron-oxide nanoparticles have enhanced T2 relaxivity when clustered;

and fluorescent quencher-based nanoparticle systems that dequench after triggered release.

A system using cleavable polymeric shielding of self-assembling nanoparticles has been

proposed as a mechanism for translating nanoparticle-based enzyme sensors to in vivo use

(Figure 5.5).73 Self-assembling, complementary iron-oxide nanoparticles are rendered latent with

PEG polymers linked to the nanoparticle surface by protease-cleavable substrates that serve to both

inhibit assembly and stabilize the particles in serum. Upon proteolytic removal of PEG polymers by

MMP-2 expressing cancer cells, nanoparticles assemble and acquire amplified magnetic properties

that can be detected with MRI. In the future, similar to thrombin-driven self-assembly of fibrin and

platelets at sites of endothelial injury, this system may allow the hyper-active proteolytic processes of

cancers to drive the self-assembly of nanoparticles in regions of cancer angiogenesis, invasion, and

metastasis in vivo. Due to its modular design, this system can easily be modified for a number of

detection schemes by substituting the complementary binding pairs, cleavable substrates
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FIGURE 5.5 (See color insert following page 522.) Protease-triggered self-assembling nanoparticles with polymer-shielded coatings. (a) Schematic representation of

nanoparticles that self-assemble after protease-mediated cleavage of PEG chains reveals complementary moieties (neutravidin and biotin). (b) Iron-oxide nanoparticles

with cleavable linkers assemble in the presence of MMP-2, as measured by changes their light extinction, while particles with noncleavable scrambled peptides do not. (c)

Atomic force micrographs of particles incubated with MMP-2 shows detectable aggregation (scale bars are 500 nm). (d) T2 maps of particles in solution using a 4.7 T

MRI demonstrate enhanced T2 relaxivity for increasing concentrations of MMP-2.

M
u
ltifu

n
ctio

n
al

N
an

o
p
articles

fo
r

C
an

cer
T
h
erap

y
6
5



Nanotechnology for Cancer Therapy66
(e.g., glycans, lipids, oligonucleotides), or multivalent nanoparticle cores (e.g., gold, quantum dot,

dendrimer).
5.2.4 THERAPEUTIC PAYLOADS

The use of nanoparticulate drug carriers can address many critical challenges in drug delivery

including: improving drug solubility and stability; extending drug half-lives in the blood; reducing

adverse effects in nontarget organs; and concentrating drugs at the disease site.74 Drugs may be

dispersed in a matrix, encapsulated in a vesicle, dissolved in a hydrophobic core, or attached to the

surface of a nanoparticle. Several nanoparticle-based drug delivery systems including liposomes,

polymeric nanoparticles, dendrimers, ceramic based carriers, micelles, and others have been used to

carry small molecule, peptide, and oligonucleotide therapeutic agents.24,75 Many promising

anti-cancer drugs fail to make it to the clinic because of poor solubility or high collateral toxicity

at therapeutic levels, thus motivating the need for these carriers in cancer therapy.

Liposomes have been the most extensively utilized nanoparticle-based carriers for delivering

anti-cancer drugs. First described decades ago, these submicron-sized carriers consist of amphiphilic

lipids assembled to form vesicles that can encapsulate drugs.76 Liposome-encapsulated doxorubicin

is a clinically approved nanoparticle formulation used for chemotherapy.77 The surface of this

nanocarrier is PEGylated to reduce rapid uptake by phagocytic cells and extend the drug circulation

time for better therapeutic efficacy. Several other liposome-encapsulated chemotherapeutic drugs

have been described, with many in clinical trials.78 Active targeting of these liposomes through the

attachment of antibodies and various ligands has also been demonstrated.30,79 Drug loaded liposomes

with encapsulated or surface-functionalized gadolinium or fluorophores have been used to simul-

taneously image tumors during nanoparticle-targeted drug delivery.80–82

Biodegradable polymer nanocarriers have also been investigated as a means of encapsulating

drugs and releasing them over time. Both poly dl-lactide co-glycolide (PLGA) and polylactide (PLA)

nanoparticles have been formed that immobilize drugs dispersed in their matrix and release them

upon degradation.24,83 Other polymers, including polyethyleneimine (PEI), polylysine, and cyclo-

dextrin-containing polymers, are used to condense DNA or RNA into nanoparticle carriers that can

be targeted to cancer cells for gene or siRNA delivery.35 Polymeric micelles consist of amphiphilic

block copolymers that self-assemble into a water-soluble nanoparticle with a hydrophobic core.

These can be used to encapsulate water-insoluble drugs such as doxorubicin and adriamycin and

targeted to tumors.84–86 Polymersomes are another variation of polymer-based nanoparticulate

vesicles that self-assemble from amphiphilic block copolymers.87 These have been used to encap-

sulate doxorubicin with well-controlled release over several days.88,89

Another class of nanoparticle-based drug carriers are dendrimers. These consist of a network of

branching chemical bonds around an inner core. One of the more popular dendrimers, polyami-

doamine dendrimers (PAMAMs), are nonimmunogenic, water-soluble, and possess terminal amine

functional groups for conjugation of a variety of surface moieties.90 Their inner core can been used

to encapsulate anti-cancer drugs such as doxorubicin and methotrexate.91 Drugs may also be

conjugated to the dendrimer surface along with ligands for targeting.92,93 A dendrimer functiona-

lized with FITC, folic acid, and methoxetrate has been synthesized to have imaging, targeting, and

drug delivery capabilities (Figure 5.6).4,7,94 The synthesis of these conjugates in a scalable and

reproducible manner has been described for potential clinical applications.4

Other nanoparticulate carriers, including nanoemulsions, drug nanocrystals, and polyelectro-

lyte carriers, have been developed. Nanoemulsions are formed by dissolving a drug in a lipid,

cooling the solution under high pressure, and using homogenization to form solid nanoparticle lipid

carriers at body temperature. Homogenization techniques can also be used to form crystalline

nanosuspensions of drugs.74 These formulations increase drug solubility and control release

kinetics of the drug in the blood and at the tumor site. Polyelectrolyte carriers formed by the
q 2006 by Taylor & Francis Group, LLC
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FIGURE 5.6 Multifunctional dendrimers for targeting, imaging, and drug delivery. (a) Schematic of a multifunctional dendrimer labeled with fluorescein (FITC) for

imaging, folic acid (FA) for targeting, methotrexate (MTX) for therapeutic delivery, and alcohol (OH) and acetylated (Ac) moieties for particle stabilization. (b) Confocal
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Baker, J. R., Journal of Medicinal Chemistry, 48, 5892–5899, 2005; Thomas, T. P. et al., Biomacromolecules, 5, 2269–2274, 2004.)
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layer-by-layer absorption of polycationic and polyanionic moieties can be used to encapsulate

therapeutic cargo, particularly larger agents such as peptides and oligonucleotides.95

A clever combination of drug-release modalities was recently demonstrated by the creation of

a dual drug-release nanoparticle having a PLGA polymer core encapsulating doxorubicin and a

PEG-lipid block copolymer shell loaded with the combretastatin (Figure 5.7).5 The lipophilic

anti-angiogenesis drug, combretastatin, intercalates in the nanoparticle membrane and releases

rapidly upon association with tumor endothelial cells, while the slower-releasing doxorubicin

increases cytotoxic killing of tumor cells for a prolonged time after the vasculature shuts down.

This novel system demonstrates the feasibility of integrating multiple functionalities of drug

delivery on a single nanoparticle to enhance therapeutic efficacy.
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FIGURE 5.7 Dual drug-release nanoparticle for combined anti-angiogenisis and anti-cancer treatment. (a)

Scanning electron micrograph showing nanocores prepared from doxorubicin-coupled PLGA. The nanocores

are encapsulated inside a lipid coat, which is also loaded with an anti-angiogenesis agent. (b) Cross section of a

nanocell with the dark nanocore. The lipid coat is surface-modified through pegylation, which confers stealth

characteristics to the nanocell from the RES. (c) The composition of the nanocell enables a spatiotemporal

release of the two agents in an acidic pH mimicking the tumor environment, as shown in the graph. (d) In vivo

studies using F10 melanoma clearly show that the spatiotemporal release from the nanocells (NC) achieves

better outcome than the doxorubicin-loaded nanocore or the lipid-entrapped combretastatin (C) alone, or

combinations of both (N+C).5
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5.2.5 REMOTE ACTUATION

Temporal and spatial control of therapeutic administration is important for eliminating off-target

toxicity and achieving optimal delivery. Temporally controlled release profiles may be designed into

nanoparticle carriers mentioned previously and spatial control can be improved with targeting.

However, off-target effects, including eventual accumulation of nanoparticles in RES organs, limit

many aspects of these methods of control. The ability to trigger the therapeutic activity of adminis-

tered nanoparticles remotely could be a valuable tool for localizing treatments to a diseased site.

Many inorganic nanocrystals and nanoemulsions used for imaging contrast absorb electromagnetic

or ultrasonic energy that can also be used to remotely heat or trigger drug delivery.

Thermal ablation of tumors by nanoparticles that absorb external energy has been demonstrated

both with iron-oxide nanoparticles and gold nanoshells. Superparamagnetic iron-oxide nanoparti-

cles under the influence of an alternating electromagnetic (EM) field heat by Brownian relaxation,

where heat is generated by the rotation of particles in the field, and Neel relaxation, where the

magnetic domains are moved away from their easy axis with the resultant energy being deposited as

heat in the solution.96,97 Nanoparticle concentrations of 0.1–1% are required to achieve critical

temperatures for tumor ablation.98,99 Ongoing work to increase the absorption of magnetic nano-

particles using clinically safe RF frequencies and to increase the concentration of particles that can

be targeted to the tumor may extend the utility of this technique. Alternatively, near-infrared-

absorbing gold nanoshells targeted to the tumor can be used to thermally ablate the cancer

cells upon illumination with a high intensity laser.100,101 This technique can be applied to solid

tumors in close proximity to the skin, but cannot be applied to deeper lesions because of tissue

absorbance.53,100,101 By synthesizing nanoshells with a plasmon resonance that has both absorp-

tion and scattering profiles, these nanoparticles may be capable of both heating and imaging

tumors.53

Remotely-triggered release of a therapy by heating is a promising extension of the use of

nanoparticles that can absorb external energy. An example of this has been demonstrated with a

model drug linked to an iron-oxide nanoparticle via a heat-labile tether that is released and diffuses

into the peripheral tissue after irradiation with RF energy.98 By modifying the susceptibility of the

linker, it is possible to tune the release profile over a range of temperatures and to enable repeated

administrations. The iron core of these drug-releasing nanoparticles can be used simultaneously for

imaging with MRI. Additionally, the magnetic properties of these nanoparticles can be manipulated

by magnetic field gradients to target sites near externally- or internally-placed magnets.102

Drug activation using EM energy has been explored extensively with photodynamic therapy

(PDT). PDT agents, when irradiated by light, produce reactive oxygen species that are toxic to cells.

Agents such as porphyrins have been conjugated to various nanoparticle cores including dendri-

mers, liposomes, and polymers.103,104 When excited by light, these nanoparticles can produce

enough reactive oxygen species to kill tumor cells.60 The inherent fluorescent properties of

many PDT agents enable simultaneous imaging with therapeutic delivery. A multifunctional nano-

particle platform combining MRI contrast and photodynamic therapy has been used to target,

image, and treat brain cancer in a rat model.105 In the future, integrating these nanoparticles

with peptides capable of targeting tumors and subcellularly localizing them to the nuclei or mito-

chondria of tumor cells may enhance the therapeutic efficacy of these treatments.

Other forms of externally applied energy such as ultrasound and x-ray radiation provide

alternative mechanisms to achieve remote actuation. Acoustic energy has been shown to

enhance the delivery of lipid drugs from a perfluorocarbon emulsion targeted to cell membranes

and from doxorubicin-loaded polymeric micelles.106,107 Atomically dense nanoparticles have been

shown to increase the absorption of x-ray radiation, enhancing their destructive effect in

surrounding tissue.108 There is potential for simultaneous imaging and therapeutic delivery with

these particles also.
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5.3 CHALLENGES IN INTEGRATING MULTIPLE FUNCTIONALITIES AND

FUTURE DIRECTIONS

Although remotely actuated nanoparticle cores such as iron-oxide and metal nanoshells naturally

lend themselves to dual-imaging and therapeutic applications, the combination of imaging and

other functionalities using other nanoparticle cores can be challenging. There are inherent trade-offs

when combining many functional groups into one nanoparticle. In many cases, a limited number of

attachment sites are available on the particle surface, making it difficult to couple several functional

groups in sufficient concentration for each to function. Moreover, some groups may interact to

sterically shield or alter the activity of one another when combined in close proximity. Multiple

functional moieties on a nanoparticle may also reduce colloidal stability or adversely affect its

in vivo pharmacokinetics. With significant characterization and fine tuning, dendrimers that

combine targeting, imaging, and therapeutic moieties on their surface have been synthesized

successfully.4 Similar efforts will be necessary to achieve other multifunctional nanoparticles

with decorated-surface moieties.

An alternative strategy to consolidate multiple functionalities onto a single particle is to use

core-shell architecture. In this case, an outer shell with one functionality, such as targeting, may be

unveiled to reveal an inner core that performs a secondary function such as endosomal escape or

drug release. This has been demonstrated with the conjugation of targeting moieties or protective

PEG groups on the surface of dendrimers or polymers via acid-labile chemistries that degrade in the

lower pH of the endosome and unveil endosomal escape mechanisms on the particle core.109,110

This has also been demonstrated with protease-cleavable linkers that release protective polymers on

the surface of complementary nanoparticles to initiate their self-assembly.73

The synthesis of nanoparticles with polar domains is another strategy that could be used to

incorporate multiple functionalities on a single particle. Janus nanoparticles—named for Janus, the

Roman God of doorways typically depicted with faces on the front and back of his head—have been

engineered with two chemically distinct hemispheres or surfaces. These nanoparticles may be

spherical (with opposing faces of unique composition), dumbbell-shaped (with two equal-sized

spheres linked together), snowman-shaped, and may have other morphologies as well.95,111 The

creation of nanoparticles with spatially separated chemical domains is a step towards replicating the

controlled polarity exhibited in nature across many length scales. Separate hemispheres may be

used to isolate and organize functional domains on nanoparticles such that they may simultaneously

carry targeting molecules, endosomal escape domains, sensing moieties, hydrophilic and hydro-

phobic therapeutics, or contrast agents that otherwise might be mutually inhibitory if randomly

incorporated. Moreover, there may be specific applications for which the polarity and anisotropy of

Janus nanoparticles have benefit, such as real-time detection of oriented binding events, targeted

bridging of multiple components at a tumor cell, directed drug delivery, or guided self-assembly.

Although there have been many exciting advances in the application of nanoparticles for cancer

imaging and treatment, the true power of these materials will be in their ability to interact with

disease processes intelligently. The modular design of functionalities that target, sense, signal, and

treat and the ongoing efforts to consolidate these into single nanoparticle platforms is one way in

which such ‘smart’ materials are being developed. The further elucidation of complex biological

processes in tumorogenesis, the discovery of nanomaterials with other novel properties, and the

consolidation of biological and synthetic machinery in these materials in new and elegant ways are

key factors that will determine their future success in cancer therapy.
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6.1 INTRODUCTION

After decades of intensive research, high-grade gliomas, and specifically glioblastoma multiforme

(GBM), are still extremely resistant to all current forms of therapy including surgery,

chemotherapy, radiotherapy, immunotherapy and gene therapy.1–5 The five-year survival rate of

patients diagnosed with GBM in the United States is less than a few percent6,7 despite aggressive

treatment using combinations of therapeutic modalities. This is due to the infiltration of malignant

cells beyond the margins of resection and their spread into both gray and white matter by the time of

surgical resection.8,9 High-grade gliomas are histologically complex and heterogeneous in their

cellular composition. Recent molecular genetic studies of gliomas have shown how complex the

development of these tumors is.10 Glioma cells and their neoplastic precursors have biologic

properties that allow them to evade a tumor associated host immune response,11 and biochemical

properties that allow them to invade the unique extracellular environment of the brain.12,13 Conse-

quently, high-grade supratentorial gliomas must be regarded as a whole-brain disease.14 The

inability of chemo- and radiotherapy to cure patients with high-grade gliomas is due to their

failure to eradicate micro-invasive tumor cells within the brain. To successfully treat these

tumors, strategies must be developed that can selectively target malignant cells with little or no

effect on normal cells and tissues adjacent to the tumor. Boron neutron capture therapy (BNCT) is

based on the nuclear capture and fission reactions that occur when non radioactive boron-10 is

irradiated with low-energy thermal neutrons to yield high-linear-energy-transfer (LET) alpha

particles (4He) and recoiling lithium-7 (7Li) nuclei. For BNCT to be successful, a sufficient

number of 10B atoms (approximately 109 atoms/cell) must be delivered selectively to the tumor

and enough thermal neutrons must be absorbed by them to sustain a lethal 10B(n,a) 7Li-capture

reaction. The destructive effects of these high-energy particles are limited to boron-containing cells.

BNCT primarily has been used to treat high-grade gliomas,15,16 and either cutaneous primaries17 or

cerebral metastases of melanoma.18 More recently, it also has been used to treat patients with head-

and-neck19,20 and metastatic liver cancer.21,22 BNCT is a biologically rather than physically

targeted type of radiation treatment. If sufficient amounts of 10B and thermal neutrons can be

delivered to the target volume, the potential exists to destroy tumor cells dispersed in the normal

tissue parenchyma. Readers interested in more in depth coverage of other topics related to

BNCT are referred to several recent reviews23–25 and monographs.15,24 This review will focus

on boron-containing macromolecules and nanovehicles as boron delivery agents.
6.2 GENERAL REQUIREMENTS FOR BORON DELIVERY AGENTS

A successful boron delivery agent should have (1) no or minimal systemic toxicity with rapid

clearance from blood and normal tissues, (2) high tumor (approximately 20 mg 10B/g) and low
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normal tissue uptake, (3) high tumor to brain (T:Br) and tumor to blood (T:Bl) concentration ratios

(greater than 3–4:1), and (4) persistence in the tumor for a sufficient period of time to carry out

BNCT. At this time, no single boron delivery agent fulfills all of these criteria. However, as a result

of new synthetic techniques and increased knowledge of the biological and biochemical require-

ments for an effective agent, multiple new boron agents have emerged and these are described in a

special issue of Anti-Cancer Agents in Medical Chemistry (6, 2, 2006). The major challenge in their

development has been the requirement for specific tumor targeting to achieve boron concentrations

sufficient to deliver therapeutic doses of radiation to the tumor with minimal normal-tissue toxicity.

The selective destruction of GBM cells in the presence of normal cells represents an even greater

challenge compared to malignancies at other anatomic sites.
6.3 LOW-MOLECULAR-WEIGHT DELIVERY AGENTS

In the 1950s and early 1960s clinical trials of BNCT were carried out using boric acid and some of

its derivatives as delivery agents. These simple chemical compounds had poor tumor retention,

attained low T:Br ratios and were nonselective.26,27 Among the hundreds of low-molecular-weight

(LMW) boron-containing compounds that were synthesized, two appeared to be promising. One,

based on arylboronic acids,28 was (L)-4-dihydroxy-borylphenylalanine, referred to as boronophe-

nylalanine or BPA (Figure 6.1, 1). The second, a polyhedral borane anion, was sodium

mercaptoundecahydro-closo-dodecaborate,29 more commonly known as sodium borocaptate or

BSH (2). These two compounds persisted longer in animal tumors compared with related

molecules, attained T:Br and T:Bl boron ratios greater than 1 and had low toxicity. 10B-enriched

BPA, complexed with fructose to improve its water solubility, and BSH, have been used clinically

for BNCT of brain, as well as extracranial tumors. Although their selective accumulation in tumors

is not ideal, the safety of these two drugs following intravenous (i.v.) administration has been well

established.30,31
6.4 HIGH-MOLECULAR-WEIGHT BORON DELIVERY AGENTS

High-molecular-weight (HMW) delivery agents usually contain a stable boron group or cluster

linked via a hydrolytically stable bond to a tumor-targeting moiety, such as monoclonal antibodies

(mAbs) or LMW receptor-targeting ligands. Examples of these include epidermal growth factor
(HO)2B

N(CH3)3Na

CO2
–

NH3
+

Na2

SH

2

BH

B

1

3

OCN

H

FIGURE 6.1 Structures of two compounds used clinically for boron neutron capture therapy (BNCT), 4-dihy-

droxyborylphenylalanine or boronophenylalanine (BPA, 1), and disodium undecahydro-closo-dodecaborate or

sodium borocaptate (BSH, 2) and the isocyanato polyhedral borane (3), which has been used to heavily

boronate dendrimers.
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(EGF) and the mAb cetuximab (IMC-C225) to target the EGF receptor (EGFR) or its mutant

isoform EGFRvIII, which are overexpressed in a variety of malignant tumors including gliomas,

and squamous-cell carcinomas of the head and neck.32 Agents that are to be administered systemi-

cally should be water soluble (WS), but lipophilicity is important to cross the blood–brain barrier

(BBB) and diffuse within the brain and the tumor. There should be a favorable differential in boron

concentrations between tumor and normal brain, thereby enhancing their tumor specificity. Their

amphiphilic character is not as crucial for LMW agents that target-specific biological transport

systems and/or are incorporated into nanovehicles such as liposomes. Molecular weight also is an

important factor because it determines the rate of diffusion both within the brain and the tumor.

Detailed reviews of the state-of-the-art of compound development for BNCT have been

published.33,34 In this review, we will focus on boron containing macromolecules and liposomes

as delivery agents for BNCT, and how they can be most effectively administered.
6.5 DENDRIMER-RELATED DELIVERY AGENTS

6.5.1 PROPERTIES OF DENDRIMERS

Dendrimers are synthetic polymers with a well-defined globular structure. As shown in Figure 6.2,

they are composed of a core molecule, repeat units that have three or more functionalities, and

reactive surface groups.35,36 Two techniques have been used to synthesize these macromolecules:

divergent growth outwards from the core,37 or convergent growth from the terminal groups inwards

towards the core.36,38 Regular and repeated branching at each monomer group gives rise to a

symmetric structure and pattern to the entire globular dendrimers. Dendrimers are an attractive

platform for macromolecular imaging and gene delivery because of their low cytotoxicity and their

multiple types of reactive terminal groups.36,39–44
6.5.2 BORONATED DENDRIMERS LINKED TO MONOCLONAL ANTIBODIES

6.5.2.1 Boron Clusters Directly Linked to mAb

Monoclonal antibodies (mAb) have been attractive targeting agents for delivering radionuclides,45

drugs,46–50 toxins,51 and boron to tumors.52–55 Prior to the introduction of dendrimers as boron

carriers, boron compounds were directly attached to mAbs.53,54 It has been calculated that
Terminal groups = Repeating units

R = mAb, EGF, Folic acid or VEGF

H
N

H

BH

O

B

N N(CH3)3
–

R HN

Linkers

FIGURE 6.2 Structure of a boronated PAMAM dendrimer that has been linked to targeting moieties.

PAMAM dendrimers consist of a core, repeating polyamido amino units, and reactive terminal groups.

Each successively higher generation of PAMAM dendrimer has a geometrically incremental number of

terminal groups. Boronated dendrimers have been prepared by reacting them with water-soluble isocyanato

polyhedral boranes and subsequently attaching them to targeting moieties by means of heterobifunctional

linkers.
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approximately 109 10B atoms per cell (approximately 20 mg/g tumor) must be delivered to kill

tumor cells.55,56 Based on the assumption of 106 antigenic receptor sites per cell, approximately 50–

100 boron cage structures of carboranes, or polyhedral borane anions and their derivatives must be

linked to each mAb molecule to deliver the required amount of boron for NCT. The attachment of

such a large number of boron cages to a mAb may result in precipitation of the bioconjugate or a

loss of its immunological activity. Solubility can be improved by inserting a water-soluble gluco-

namide group into the protein-binding boron cage compounds, thereby enhancing their water

solubility.57 This modification makes it possible to incorporate up to 1100 boron atoms into a

human gamma globulin (HGG) molecule without any precipitation. Other approaches to

enhance solubility include the use of negatively charged carboranes58 or polyhedral borane

anions,59 as well as the insertion of carbohydrate groups.60,61 A major limitation of using an

agent containing a single boron cage is that a large number of sites must be modified to deliver

103 boron atoms per molecule of antibody and this can reduce its immunoreactivity activity. Alam

et al. showed that attachment of an average of 1300 boron atoms to mAb 17-1A, which is directed

against human colorectal carcinoma cells, resulted in a 90% loss of its immunoreactivity.62

6.5.2.2 Attachment of Boronated Dendrimers to mAb

Dendrimers are one of the most attractive polymers that have been used as boron carriers due to

their well-defined structure and large number of reactive terminal groups. Depending on the antigen

site density, approximately 1000 boron atoms need to be attached per molecule of dendrimer and

subsequently linked to the mAb. In our first study, second- and fourth-generation polyamido amino

(PAMAM or “starburst”) dendrimers, which have 12 and 48 reactive terminal amino groups,

respectively, were reacted with the water-soluble isocyanato polyhedral borane [Na(CH3)3NB10

H8NCO] (3).63,64 The boronated dendrimer then was linked to the mAb IB16-6, which is directed

against the murine B16 melanoma, by means of two heterobifunctional linkers, m-maleimido-

benzoyl-N-hydroxysulfosuccinimide ester (sulfo-MBS) and N-succinimidyl 3-(2-pyridyldithio)

propionate (SPDP).63,65 However, following i.v. administration, large amounts of the bioconjugate

accumulated in the liver, and spleen and it was concluded that random conjugation of boronated

dendrimers to a mAb could alter its binding affinity and biodistribution. To minimize the loss of

mAb reactivity, a fifth-generation PAMAM dendrimer was boronated with the same polyhedral

borane anion, and more recently it was site-specifically linked to the anti-EGFR mAb cutuximab

(or IMC-C225) or the EGFRvIII-specific mAb L8A4 (Figure 6.3). Cetuximab was linked via

glycosidic moieties in the Fc region by means of two heterobifunctional reagents, SPDP and

N-(k-maleimidoundecanoic acid) hydrazide (KMUH).66,67 The resulting bioconjugate, designated

C225-G5-B1100, contained approximately 1100 boron atoms per molecule of cetuximab and

retained its aqueous solubility in 10% DMSO and its in vitro and in vivo immunoreactivity. As

determined by a competitive binding assay, there was a less than 1 log unit decrease in affinity for

EGFR (C) glioma cell line F98EGFR, compared to that of unmodified cetuximab.66 In vivo bio-

distribution studies, carried out 24 h after intratumoral (i.t) administration of the bioconjugate,

demonstrated that 92.3 mg/g of boron was retained in rats bearing F98EGFR gliomas, compared to

36.5 mg/g in EGFR (K) F98 parental tumors and 6.7 mg/g in normal brain.67
6.5.3 BORONATED DENDRIMERS DELIVERED BY RECEPTOR LIGANDS

6.5.3.1 Epidermal Growth Factors (EGF)

Due to its increased expression in a variety of tumors, including high-grade gliomas, and its low or

undetectable expression in normal brain, EGFR is an attractive target for cancer therapy.68–70

As described above, targeting of EGFR has been carried out using either mAbs or alternatively,

as described in this section, EGF, which is a single-chain, 53-mer heat and acid stable polypeptide.
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FIGURE 6.3 Conjugation scheme for linkage of a boron-containing dendrimer to the monoclonal antibody,

C225 (cetuximab), which is directed against EGFR. (From Wu, G. et al., Bioconjug. Chem., 15, 185, 2004;

Barth, R. F. et al., Appl. Radiat. Isot. 61, 899, 2004. With permission.)
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It binds to a transmembrane glycoprotein with tyrosine kinase activity, which triggers dimerization

and internalization.71,72 Because the EGF boron bioconjugates have a much smaller MW than mAb

conjugates, they should be capable of more rapid and effective tumor targeting than has been

observed with mAbs.67,73

The procedure used to conjugate EGF to a boronated dendrimer was slightly different from that

used to boronate mAbs. A fourth-generation PAMAM dendrimer was reacted with the isocyanato

polyhedral borane Na(CH3)3NB10H8NCO. Next, reactive thiol groups were introduced into the

boronated dendrimer using SPDP, and EGF was derivatized with sulfo-MBS. The reaction of thiol

groups of the derivatized, boronated starburst dendrimer (BSD) with maleimide groups produced a

stable BSD–EGF bioconjugate, which contained approximately 960 atoms of boron per molecule of

EGF.74 The BSD–EGF initially was bound to the cell surface membrane and then was endocytosed,

which resulted in accumulation of boron in lysosomes.74 Subsequently, in vitro and in vivo studies

were carried out to evaluate the potential efficacy of the bioconjugate as a boron delivery agent for

BNCT.73 As will be described in more detail later on in this review, therapy studies demonstrated

that F98EGFR-glioma-bearing rats that received either boronated EGF or mAb by either direct i.t.

injection or convection enhanced delivery into the brain had a longer mean survival time (MST)

than animals bearing F98 parental tumors following BNCT.75–77

6.5.3.2 Folate Receptor-Targeting Agents

Folate receptor (FR) is overexpressed on a variety of human cancers, including those originating in

ovary, lung, breast, endometrium and kidney.78–80 Folic acid (FA) is a vitamin that is transported

into cells via FR mediated endocytosis. It has been well documented that the attachment of FA via

its g-carboxylic function to other molecules does not alter its endocytosis by FR-expressing cells.81

FR targeting has been used successfully to deliver protein toxins, chemotherapeutic, radioimaging,

therapeutic and MRI contrast agents,82 liposomes,83 gene transfer vectors,84 antisense oligonucleo-

tides,85 ribozymes, and immunotherapeutic agents to FR-positive cancers.86 To deliver boron

compounds, FA was conjugated to heavily boronated third generation PAMAM dendrimers

containing polyethylene glycol (PEG).87 PEG was introduced into the bioconjugate to reduce its

uptake by the reticuloendothelial system (RES), and more specifically, the liver and spleen. It was

observed that folate linked to third generation PAMAM dendrimers containing 12–15 decaborate

clusters and 1–1.5 PEG2000 units had the lowest hepatic uptake in C57Bl/6 mice (7.2–7.7% injected

dose [I.D.]/g liver). In vitro studies using FR (C) KB cells demonstrated receptor-dependent uptake

of the bioconjugate. Biodistribution studies with this conjugate, carried out in C57Bl/6 mice

bearing subcutaneous (s.c.) implants of the FR (C) murine sarcoma 24JK-FBP, demonstrated

selective tumor uptake (6.0% I.D./g tumor), but there was high hepatic (38.8% I.D./g) and renal

(62.8% I.D./g) uptake.87
6.5.3.3 Vascular Endothelial Growth Factor (VEGF)

There is preclinical and clinical evidence indicating that angiogenesis plays a major role in the

growth and dissemination of malignant tumors.88,89 Inhibition of angiogenesis has yielded

promising results in a number of experimental animal tumor models.90,91 The most important

molecular targets have been vascular endothelial growth factor (VEGF) and its receptor

(VEGFR).92,93 We recently have constructed a human VEGF121 isoform fused to a novel 15-aa

cysteine-containing tag designed for site-specific conjugation of therapeutic and diagnostic

agents94 (Figure 6.4). A boronated fifth-generation PAMAM dendrimer (BD), tagged with a

near-infrared (IR) fluorescent dye Cy5, was conjugated using the heterobifunctional reagent

sulfo-LC–SPDP to BD/Cy5 via reactive SH-groups generated in the VEGF fusion protein by

mild dithiothreitol (DTT) treatment. The bioconjugate, designated VEGF–BD/Cy5, contained

1050–1100 boron atoms per dimeric VEGF molecule. VEGF–BD/Cy5 retained the in vitro
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FIGURE 6.4 Preparation of a vascular endothelial growth factor (VEGF) receptor-targeting nanovehicle

(VEGF–BD/Cy5) (A). A fifth-generation (G5) PAMAM dendrimer initially is reacted with SPDP and the

near-IR dye, Cy5-NHS, (A) dissolved in dimethylformamide/methanol mixture for 1 h. Following this, it is

reacted with the polyisocynato polyhedral borane, Na(CH3)3–NB10H8NCO, in a carbonate buffer (pH 9.0)/9%

acetone mixture for 24 h (B). Then a 1.5-fold molar excess of DTT is added to the VEGF monomer in a

solution containing 20 mmol/L NaOAc (pH 6.5), 0.5 mol/L urea and 0.5 mol/L NDSB-221 and incubated at

48C for 16 h (C). Finally, the boronated dendrimer is incubated with the targeting vehicle for 15 min to produce

the VEGF–BD/Cy5 (D). (From Backer, M. V. et al., Mol. Cancer Ther., 4, 1423, 2005.)
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functional activity of VEGF121, which was similar to that of native VEGF. Tagging the biocon-

jugate with Cy5 dye permitted near-IR fluorescence imaging of its in vitro and in vivo uptake.

In vitro uptake was determined by incubating VEGF–BD/Cy5 with VEGFR-2 overexpressing

PAE/KDR cells and in vivo uptake was evaluated in mice bearing s.c. tumor implants. In vitro,
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the bioconjugate localized in the perinuclear region and in vivo it primarily localized in regions of

active angiogenesis. Furthermore, depletion of VEGFR-2 overexpressing cells from the tumor

vasculature with VEGF-toxin fusion protein significantly decreased bioconjugate uptake, indicat-

ing that these cells were the primary targets of VEGF–BD/Cy5. These studies demonstrated that

VEGF–BD/Cy5 potentially could be used as a diagnostic agent.94 Further studies are planned to

evaluate its therapeutic efficacy using the F98 rat glioma model, which we have used extensively

to evaluate both LMW and HMW boron delivery agents.95
6.5.4 OTHER BORONATED DENDRIMERS

An alternative method to deliver boron compounds by means of dendrimers is to incorporate

carborane cages within the dendrimer (Figure 6.5). Matthew et al. have reported that 4, 8, or 16

carboranes could be inserted into an aliphatic polyester dendrimer by means of a highly effective
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FIGURE 6.5 Structure of a barborane-containing aliphatic polyester dendrimer. Carborane cages were incor-

porated into the interior of the dendrimer structure and the peripheral hydrophilic groups improved water

solubility and were available for modification.
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synthon, a bifunctional carborane derivative with an acid group and a benzyl ether protected

alcohol.96 The procedure employed a divergent synthesis with high yield. The resulting polyhy-

droxylated dendrimer was WS with a minimum ratio of eight hydroxyl groups per carborane cage.

Carborane containing dendrimers potentially could be used as boron delivery agents for BNCT

because it is possible to control the number of carborane moieties and overall solubility.
6.6 LIPOSOMES AS BORON DELIVERY AGENTS

6.6.1 OVERVIEW OF LIPOSOMES

Liposomes are biodegradable, nontoxic vesicles that have been used to deliver both hydrophilic and

hydrophobic agents (Figure 6.6).97 Both classical and PEGylated (“stealth”) liposomes can increase

the amounts of anti-cancer drugs that can be delivered to solid tumors by passive targeting. Rapidly

growing solid tumors have increased permeability to nanoparticles due to increased capillary pore

size. These can range from 100 to 800 nm. In comparison, endothelial pore size of normal tissues,

which are impermeable to liposomes, can range in size from 60 to 80 nm. In addition, tumors lack

efficient lymphatic drainage, and consequently, clearance of extravasated liposomes is slow.98

Modification of the liposomal surface by PEGylation or attachment of antibodies or receptor

ligands, will improve their selective targeting and increase their circulation time.98
6.6.2 BORON DELIVERY BY NONTARGETED LIPOSOMES

6.6.2.1 Liposomal Encapsulation of Sodium Borocaptate and Boronophenylalanine

Liposomes have been extensively evaluated as nanovehicles for the delivery of boron compounds

for NCT.99,100 In vitro and in vivo studies have demonstrated that they can effectively and selec-

tively deliver large quantities of boron to tumors and that the compounds delivered by liposomes

have a longer tumor retention time. BPA is an amino acid analogue that is preferentially taken up by

cells with increased metabolic activity, such as tumor cells of varying histopathologic types
Bilayer memberane Internal aqueous space

PEG

mAb or ligand

Polar head groups

5nm
Hydrocarbon tails

FIGURE 6.6 Schematic diagram of the structure of a liposome that has an aqueous core and a lipid bilayer

membrane. The latter is composed of polar head groups with hydrocarbon tails. The liposomal surface can be

modified by PEGylation to prolong its circulation time and linked to either a mAb or a ligand for targeting.
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including melanomas,31,101 gliomas102, and squamous cell carcinomas.103,104 Because of its low

aqueous solubility, BPA has been used as a fructose complex, which has permitted it to be admi-

nistered i.v. rather than orally.105,106 Following i.v. administration of BPA, which had been

incorporated into conventional liposomes, there was rapid elimination by the RES with very low

blood boron concentrations at 3 h. In contrast, if BPA was incorporated into liposomes composed of

distearoyl phosphoethanolamine (DSPE)–PEG, therapeutically effective tumor boron concen-

trations (greater than 20 mg/g) were seen at 3 h and at 6 h, indicating that PEG-liposomes had

evaded the RES.107 In addition, BPA has been incorporated into the lipid bilayer of liposomes,

composed of positively charged lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and

the zwitterionic lipid, 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE).108 Cationic lipo-

somes have been widely used as carriers of biomolecules that specifically target the cell nucleus,109

which would be advantageous for BNCT. Another clinically used drug, BSH, has been incorporated

into liposomes composed of dipalmitoylphosphatidylcholine (DPPC)/Chol in a 1:1 molar ratio with

and without PEG stabilization.110 The average diameter of liposomes containing BSH was in the

range of 100–110 nm. Both types of liposomes resulted in a significant improvement in their

circulation time compared to that of free BSH. At 24 h following i.v. injection of PEG-liposomes,

19% of the I.D. of boron was in the blood compared to 7% following formulation of BSH in

conventional liposomes. The mean percent uptake by the liver and spleen was not significantly

different for the two types of liposomes. However, the blood to RES ratios were higher for PEG-

liposomes at all time points indicating that a higher fraction of the injected dose (I.D.) of BSH was

still in the blood. Ji et al. have reported that there were no significant differences in the in vitro

uptake by 9L gliosarcoma cells of free BSH versus a liposomal formulation after 16 h incubation.

However, cellular persistence was increased at 12 and 24 h for BSH-loaded liposomes.111 BSH also

has been incorporated into transferrin (TF) conjugated PEG liposomes (TF–PEG liposomes),112

which then were taken up by cells via TF receptor-mediated endocytosis. Intravenous adminis-

tration of this formulation increased boron retention at the tumor site compared with PEG

liposomes, bare liposomes or free BSH and suppressed tumor growth following BNCT. These

results suggest that TF targeted liposomes might be useful as intracellular targeting vehicles.
6.6.2.2 Liposomal Encapsulation of Other Boranes and Carboranes

Polyhedral boranes34 and carboranes113,114 are another class of boron compounds that have been

used for NCT. They contain multiple boron atoms per molecule, are resistant to metabolic

degradation, and are lipophilic, thereby permitting easier penetration of the tumor cell

membrane.113 In addition to BSH, carboranylpropylamine (CPA, Figure 6.7, 4)115 has been incor-

porated into conventional and PEGylated liposomes by active loading, using a transmembrane pH

gradient.115,116 Although as many as 13,000 molecules of CPA were loaded into liposomes having a

mean average diameter of 100 nm, there was no in vitro toxicity to both the glioblastoma cell line

SK-MG-1 and normal human peripheral blood lymphocytes. Borane anions, such as B10H2K
10 ,

B12H11SH2K, B20H17OH4K, and B20H3K
19 , and the normal form and photoisomer of B20H2K

18 , also

have been encapsulated into small unilamellar vesicles with mean diameters of 70 nm or less.117–120

These were composed of the pure synthetic phospholipids, distearoyl phosphatidylcholine, and

cholesterol.117 Although encapsulation efficiencies were only 2–3%, following i.v. injection,

these liposomes were selectively delivered to the tumors in mice bearing the EMT6 mammary

carcinoma and had attained boron concentrations of greater than 15 mg boron/g, with a T:Bl ratio of

greater than 3. Two isomers of B20H2K
18 attained boron concentrations of 13.6 and 13.9 mg/g with

T:Bl ratios of 3.3 and 12, respectively, at 48 h following administration. High boron retention and

prolongation of their circulation time was observed due to the interaction with intracellular com-

ponents after it had been released from liposomes within tumor cells.117

To examine the effect of charge and substitution on the retention of boranes, two isomers

[B20H17NH3]3K and [1-(2 0-B10H9)-2-NH3B10H8]3K (5) were prepared from the polyhedral
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FIGURE 6.7 Structures of hydrophilic and lipophilic boron-containing compounds that have been incorpor-

ated into liposomes. Carboranylpropylamine (CPA, 4), [1-(2 0-B10H9)-2-NH3B10H8]3K (5), [n-B20H18]2K (6),

[B20H17SH]4K (7), Na3[a2-B20H17NH2CH2CH2NH2] (9) and boronated water soluble acridine (WSA, 11)

were encapsulated into the aqueous core. K[nido-7-CH3(CH2)15-7,8-C2B9H11] (8) and cholesteryl 1,12-

dicarba-closo-dodecaboranel-carboxylate (10) were incorporated into the lipid bilayer of liposomes.
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borane anion [n-B20H18]2K (6).118,119 The sodium salts of these two isomers had been encapsulated

within small unilamellar liposomes, composed of distearoyl phosphatidylcholine/cholesterol at a

1:1 ratio. Both isomers of [B20H17NH3]3K had excellent tumor uptake and selectivity in EMT 6

tumor bearing mice, even at very low I.D.s, and this resulted in peak tumor boron concentrations of

30–40 mg B/g and a T:Bl ratio of approximately 5. Due to low boron retention of liposomal

Na3[B20H19] and Na4[e2-B20H17OH] and rapid clearance of liposomal [2-NH3B10H9]K, the

enhanced retention of liposomal Na3[ae-B20H17NH3] was not due to the anionic charge or sub-

stitution in the borane cage. Rather, it could be attributed to their facile intracellular oxidation to an

extremely reactive NH3-substituted [n-B20H18]2K electrophilic anion, [B20H17NH3]K. Another

anion [ae-B20H17NH3]3K also was encapsulated into liposomes prepared with 5% PEG-2000-

distearoyl phosphatidylethanolamine as a constituent of the membrane. These liposomes had
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longer in vivo circulation times, which resulted in continued accumulation of boron in the tumor

over the entire 48 h time period, and reached a maximum concentration of 47 mg B/g tumor.

[B20H17SH]4K (7), a thiol derivative of [B20H18]4K, possesses a reactive thiol substituent and

this can be oxidized into the more reactive [B20H17SH]2K anion. Both of these were considered to

be essential for high tumor boron retention120 and they have been encapsulated into small, unila-

mellar liposomes. Biodistribution was determined after i.v. injection into BALB/c mice bearing

EMT6 tumors. At low I.D.s, tumor boron concentrations increased throughout the duration of the

experiment, resulting in a maximum concentration of 47 mg B/g tumor at 48 h, which corresponded

to 22.2% I.D./g and a T:Bl ratio of 7.7. This was the most promising of the polyhedral borane anions

that had been investigated for liposomal delivery. Although they were able to deliver adequate

amounts of boron to tumor cells, their application to BNCT has been limited due to their low

incorporation efficiency (approximately 3%).

Lipophilic boron compounds incorporated into the lipid bilayer would be an alternative

approach. Small unilamellar vesicles composed of 3:3:1 ratio of distearoylphosphatidylcholine,

cholesterol and K[nido-7-CH3(CH2)15-7,8-C2B9H11] (8) in the lipid bilayer and Na3[a2-B20H17

NH2CH2CH2NH2] (9) in the aqueous core were produced as a delivery agents for NCT mediated

synovectomy.121 Biodistribution studies were carried out in Louvain rats that had a collagen-

induced arthritis. The maximum synovial boron concentration was 29 mg/g tissue at 30 h and

this had only decreased to 22 mg/g at 96 h following i.v. administration. The prolonged retention

by synovium provided sufficient time for extensive clearance of boron from other tissues so that at

96 h the synovium to blood (Syn:Bl) ratio was 3.0. To accelerate blood clearance, serum stability of

the liposomes was lowered by increasing the proportion of K[nido-7-CH3(CH2)15-7,8-C2B9H11]

embedded in the lipid bilayer. Liposomes were formulated with a 3:3:2 ratio of DSPC to Ch to

K[nido-7-CH3(CH2)15-7,8-C2B9H11] in the lipid bilayer and Na3[a2-B20H17NH2CH2CH2NH2] was

encapsulated in the aqueous core. The boron concentration in the synovium reached a maximum of

26 mg/g at 48 h with a Syn:Bl ratio of 2, following which it slowly decreased to 14 mg/g at 96 h at

which time the Syn:Bl ratio was 7.5.121

Another method to deliver hydrophilic boron containing compounds would be to incorporate

them into cholesterol to target tumor cells expressing amplified low density lipoprotein (LDL)

receptors.122–124 Glioma cells, which absorb more cholesterol, have been reported to take up more

LDL than the corresponding normal tissue cells.125–127 The cellular uptake of liposomal cholesteryl

1,12-dicarba-closo-dodecaboranel-carboxylate (10) by two fast growing human glioma cell lines,

SF-763 and SF-767, was mediated via the LDL receptor and was much higher than that of human

neurons. The cellular boron concentration was approximately 10–11 times greater than that

required for BNCT.128
6.6.3 BORON DELIVERY BY TARGETED LIPOSOMES

To improve the specificity of liposomally encapsulated drugs and to increase the amount of boron

delivered, targeting moieties have been attached to the surface of liposomes. These could be any

molecules that selectively recognized and bound to target antigens or receptors that were over

expressed on neoplastic cells or tumor-associated neovasculature. These have included either intact

mAb molecules or fragments, LMW, naturally occurring or synthetic ligands such as peptides or

receptor-binding-ligands such as EGF. To date, liposomes linked to mAbs or their fragments,129

EGF,130 folate,131 and transferin,112 have been the most extensively studied as targeting moieties

(Figure 6.8).
6.6.3.1 Immunoliposomes

The murine anticarcinoembryonic antigen (CEA) mAb 2C-8 has been conjugated to large multi-

lamellar liposomes containing 10B compounds.132,133 The maximum number of 10B atoms attached
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per molecule of mAb was approximately 1.2!104. These immunoliposomes bound selectively to

the human pancreatic carcinoma cell line, AsPC-1 that overexpressed CEA. Incubating the immu-

noliposomes with either MRKnu/nu-1 or AsPC-1 tumor cells, suppressed in vitro tumor cell growth

following thermal neutron irradiation.134 This was dependent upon the liposomal concentration of

the 10B-compound and on the number of molecules of mAb conjugated to the liposomes. Immu-

noliposomes containing either (Et4N)2B10H10 and linked to the mAb MGb 2, directed against

human gastric cancer135,136 or water-soluble boronated acridine (WSA, 11) linked to trastuzumab,

directed against HER-2, have been prepared and evaluated in vitro.129 There was specific binding

and high uptake of these immunoliposomes, which delivered a sufficient amount of 10B to produce a

tumoricidal effect following thermal neutron irradiation.
6.6.3.2 Folate Receptor-Targeted Liposomes

A highly ionized boron compound, Na3B20H17NH3, was incorporated into liposomes by passive

loading.131,137,138 This showed high in vitro uptake by the FR expressing human cell line KB

(American Type Culture Collection CCL 17), which originally was thought to be derived from a

squamous cell carcinoma of the mouth, and subsequently was shown to be identical to HeLa cells,

as determined by isoenyzyme markers, DNA fingerprinting, and karyotypic analysis. KB tumor-

bearing mice that received either FR-targeted or nontargeted control liposomes had equivalent

tumor boron values (approximately 85 mg/g), which attained a maximum at 24 h, while the T:Bl

ratio reached a maximum at 72 h. Additional studies were carried out with the lipophilic boron

compound, K[nido-7-CH3(CH2)15-7,8-C2B9H11. This was incorporated into large unilamellar

vesicles, approximately 200 nm in diameter, which were composed of egg PC/Chol/K[nido-7-

CH3(CH2)15-7,8-C2B9H11] at a 2:2:1, mol/mol ratio, and an additional 0.5 mol% of folate–

PEG–DSPE or PEG–DSPE for the FR-targeted or nontargeted liposomal formulations.139 The

boron uptake by FR-overexpressing KB cells, treated with these targeted liposomes, was approxi-

mately 10 times greater compared with those treated with control liposomes. In addition, BSH and
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five weakly basic boronated polyamines were evaluated (Figure 6.9). Two of these were the

spermidine derivatives N5-(4-carboranylbutyl)spermidine$3HCl (12) and N5-[4-(2-aminoethyl-o-

carboranyl)butyl] spermidine$4HCl (13). Three were the spermine derivatives N5-(4-o-carboranyl-

butyl) spermine$4HCl (14), N5-[4-(2-aminoethyl-o-carboranyl) butyl] spermine$5HCl (15), and

N5,N10-bis(4-o-carboranylbutyl) spermine$4HCl (16). These were incorporated into liposomes

by a pH-gradient-driven remote loading method with varying loading efficiencies that were influ-

enced by the specific trapping agent and the structure of the boron compound. Greater loading

efficiencies were obtained with lower molecular-weight boron derivatives, using ammonium sulfate

as the trapping agent, compared to those obtained with sodium citrate.
6.6.3.3 EGFR-Targeted Liposomes

Acridine is a WS, DNA-intercalator. Its boronated derivative WSA was incorporated into lipo-

somes composed of EGF-conjugated lipids. Their surface contained approximately 5 mol% PEG

and 10–15 molecules of EGF, and 104–105 of WSA molecules were encapsulated. These liposomes

had EGFR-specific cellular binding to cultured human glioma cells130,140 and were internalized

following specific binding to the receptor. Following internalization, WSA primarily was localized
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in the cytoplasm, and had high cellular retention with 80% of the boron remaining cell-associated

after 48 h.141
6.7 BORON DELIVERY BY DEXTRANS

Dextrans are glucose polymers that consist mainly of a linear a-1,6-glucosidic linkage with some

degree of branching via a 1,3-linkage.142,143 Dextrans have been used extensively as drug and

protein carriers to increase drug circulation time.144,145 In addition, native or chemically-modified

dextrans have been used for passive targeting to tumors, the RES or active receptor-specific cellular

targeting. To link boron compounds to dextrans,146 b-decachloro-o-carborane derivatives, in which

one of the carbon atoms was substituted by –CH2CHOHCH2–O–CH2CHaCH2, were epoxidized

and then subsequently bound to dextran with a resulting boron content of 4.3% (w/w).147 The

modified dextran then could be attached to tumor-specific antibodies.147–150 BSH was covalently

coupled to dextran derivatives by two methods.151 In the first method, dextran was activated with

1-cyano-4-(dimethylamino)pyridine (CDAP) and subsequently coupled with 2-aminoethyl pyridyl

disulfide. Then, thiolated dextran was linked to BSH in a disulfide exchange reaction. A total of 10–

20 boron cages were attached to each dextran chain. In the second method, dextran was derivatized

to a multiallyl derivative (Figure 6.10, 17), which was reacted with BSH in a free-radical-initiated

addition reaction. Using this method, 100–125 boron cages could be attached per dextran chain,

suggesting that this derivative might be a promising template for the development of other HMW

delivery agents. In the second method, designed to target EGFR overexpressing cells, EGF and

BSH were covalently linked to a 70 kDa dextran (18).152–154 Bioconjugates, having a small number

of BSH molecules, attained maximum in vitro binding at 4 h with the human glioma cell line U-343
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MGaC12:6. In contrast, there was a slow increase of binding over 24 h for those having a large

number of BSH molecules. Although most of the bioconjugates were internalized, in vitro retention

was low, as was in vivo uptake following i.v. injection into nude mice bearing s.c. implants of

Chinese hamster ovary (CHO) cells transfected with the human gene encoding EGFR (designated

CHO–EGFR). However, following i.t. injection, boron uptake was higher with CHO–EGFR(C)

tumors compared to wildtype EGFR(K) CHO tumors.155
6.8 OTHER MACROMOLECULES USED FOR DELIVERING

BORON COMPOUNDS

Polylysine is another polymer having multiple reactive amino groups that has been used as a

platform for the delivery of boron compounds.53,156 The protein-binding polyhedral boron deriva-

tives, isocyanatoundecahydro-closo-dodecaborate (B12H11NCO2K), was linked to polylysine and

subsequently to the anti-B16 melanoma mAb IB16-6 using two heterobifunctional linkers, SPDP

and sulfo-MBS. The bioconjugate had an average of 2700 boron atoms per molecule and retained

58% of the immunoreactivity of the native antibody, as determined by a semiquantitative immuno-

fluorescent assay or by ELISA. Other bioconjugates prepared by this method had greater than 1000

boron atoms per molecule of antibody and retained 40–90% of the immunoreactivity of the native

antibody.53 Using another approach, site-specific linkage of boronated polylysine to the carbo-

hydrate moieties of anti-TSH antibody resulted in a bioconjugate that had approximately 6!103

boron atoms with retention of its immunoreactivity.156

A streptavidin/biotin system also has been developed to specifically deliver boron to tumors.

Biotin was linked to a mAb and streptavidin was attached to the boron containing moiety. The

indirect linking of boron to the mAb minimized loss of its immunoreactivity. BSH was attached to

poly-(D-glutamate D-lysine) (poly-GL) via a heterobifunctional agent.157 This boronated poly-GL

then was activated by a carbodiimide reagent and in turn reacted with streptavidin. Another

approach employed a streptavidin mutant that had 20 cysteine residues per molecule. BSH was

conjugated via sulfhydryl-specific bifunctional reagents to incorporate approximately 230 boron

atoms/molecule.158 A closomer species with an icosahedral dodecaborate core and twelve pendant

anionic nido-7,8-carborane groups was developed as a new class of unimolecular nanovehicles for

evaluation as a delivery agent for BNCT.159
6.9 DELIVERY OF BORON-CONTAINING MACROMOLECULES

TO BRAIN TUMORS
6.9.1 GENERAL CONSIDERATIONS

Drug delivery to brain tumors is dependent upon (1) the plasma concentration profile of the drug,

which depends upon the amount and route of administration; (2) the ability of the agent to traverse

the BBB; (3) blood flow within the tumor; and (4) the lipophilicity of the drug. In general, a high

steady-state blood concentration will maximize brain uptake, while rapid clearance will reduce it,

except in the case of intra-arterial (i.a.) drug administration. Although the i.v. route currently is

being used clinically to administer both BSH and BPA, this may not be ideal for boron containing

macromolecules and other strategies must be employed to improve their delivery.

6.9.2 DRUG-TRANSPORT VECTORS

One approach to improve brain tumor uptake of boron compounds has been to conjugate them to a

drug-transport vector by means of receptor-specific transport systems.160,161 Proteins such as

insulin, insulin-like growth factor (IGF), TF,162 and leptin can traverse the BBB. BSH encapsulated
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in TF–PEG liposomes had a prolonged residence time in the circulation and low RES uptake in

tumor-bearing mice, resulting in enhanced extravasation of the liposomes into the tumor and

concomitant internalization by receptor-mediated endocytosis.163,164 Mice that received BSH

containing TF-liposomes following by BNCT had a significant prolongation in survival time

compared to those that received PEG-liposomes, bare liposomes and free BSH, thereby establishing

proof-of-principle for transcytosis of a boron containing nanovehicle.112
6.9.3 DIRECT INTRACEREBRAL DELIVERY

Studies carried out by us have clearly demonstrated that the systemic route of administration is not

suitable for delivery of boronated EGF or mAbs to glioma-bearing rats.75,165 Intravenous injection

of technetium-99m labeled EGF to rats bearing intracerebral implants of the C6 rat glioma, which

had been genetically engineered to express the human EGFR gene, resulted in 0.14% I.D. localizing

in the tumor. Intracarotid (i.c.) injection with or without BBB disruption increased the tumor uptake

from 0.34 to 0.45% I.D./g, but based even on the most optimistic assumptions the amount of boron

that could be delivered to the tumor by i.v. injection, this would have been inadequate for BNCT.165

Direct i.t. injection of boronated EGF (BSD–EGF), on the other hand, resulted in tumor boron

concentrations of 22 mg/g compared to 0.01 mg/g following i.v. injection and almost identical boron

uptake values were obtained using the F98EGFR glioma model.77 This was produced by transfecting

F98 glioma cells with the gene encoding human EGFR. Based on our biodistribution results,

therapy studies were initiated with the F98EGFR glioma in syngeneic Fischer rats. F98EGFR

glioma bearing rats that received BSD–EGF i.t. had a MST of 45Gd compared to 33G2 d in

animals that had EGFR(K) wildtype F98 gliomas. Because it is unlikely that any single boron

delivery agent will be able to target all tumor cells, the combination of i.t. administration of

BSD–EGF with i.v. injection of BPA was evaluated. This resulted in further increase in MST to

57G8 d compared to 39G2 d for i.v. BPA alone.73 These data provide proof-of-principle for the

idea of using a combination of LMW and HMW boron delivery agents.
6.9.4 CONVECTION-ENHANCED DELIVERY

Convection-Enhanced Delivery (CED), by which therapeutic agents are directly infused into the

brain, is an innovative method to increase their uptake and distribution.166–168 Under normal

physiological conditions, interstitial fluids move through the brain by both convection and diffu-

sion. Diffusion of a drug in tissue depends upon its molecular weight, ionic charge and its

concentration gradient within normal tissue and the tumor. The higher the molecular weight of

the drug, the more positively charged the ionic species and the lower its concentration, the slower

its diffusion. For example, diffusion of antibody into a tumor requires 3 d to diffuse 1 mm from the

point of origin. Unlike diffusion, however, convection or “bulk” flow results from a pressure

gradient that is independent of the molecular weight of the substance. CED potentially can

improve the targeting of both LMW and HMW molecules, as well as liposomes, to the central

nervous system by applying a pressure gradient to establish bulk flow during interstitial infusion.

The volume of distribution (Vd) is a linear function of the volume of the infusate (Vi). CED has been

used to efficiently deliver drugs and HMW agents such as mAbs and toxin fusion proteins to brain

tumors.168–170 CED can provide more homogenous dispersion of the agent and at higher concen-

trations than otherwise would be attainable by i.v. injection.165 For example, in our own studies,

CED of 125I-labeled EGF to F98EGFR glioma-bearing rats resulted in 47% I.D./g of the bioconjugate

localizing in the tumor compared to 10% I.D./g in normal brain at 24 h following administration.

The corresponding boron values were 22 and 2.9–4.9 mg/g, respectively.76 Based on these results,

therapy studies were initiated. F98EGFR glioma-bearing rats that received BD–EGF by CED had a

MST of 53G13 d compared to 40G5 d for animals that received BPA i.v.73 Similar studies have

been carried out using either boronated cetuximab (IMC-C225) or the mAb L8A4,171,172 which is
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specifically directed against the tumor-specific mutant isoform, EGFRvIII, and comparable results

were obtained.173 Direct intracerebral administration of these and other HMW agents by CED has

opened up the possibility that they actually could be used clinically, since CED is being used to

administer radiolabeled antibodies, toxin fusion proteins, and gene vectors to patients with GBM. It

is only a matter of time before this approach also will be used to deliver both LMW and HMW

boron-containing agents for NCT.
6.10 CLINICAL CONSIDERATIONS AND CONCLUSIONS

In this review we have focused on HMW boron delivery agents and nanovehicles that potentially

could be used clinically for targeting intra- and extracranial tumors. Studies carried out in glioma

bearing rats have demonstrated that boronated EGF and the mAb, cetuximab, both of which bind to

EGFR, selectively targeted receptor (C) tumors following direct i.c. delivery. Furthermore,

following BNCT, a significant increase in MST was observed, and this was further enhanced if

BPA was administered in combination with the HMW agents. These studies provide proof-of-prin-

ciple first for the potential utility of HMW agents, and second, the therapeutic gain associated with

the combination of HMW and LMW boron delivery agents.

There is a question as to whether or not any of these agents will ever be used clinically. Critical

issues must be addressed if BNCT is to ever become a useful modality for the treatment of cancer.

Large clinical trials, preferably randomized, must be carried out to convincingly demonstrate the

efficacy of BPA and BSH, the two drugs that currently are being used. Once efficacy has been

established, studies with HMW EGFR targeting agents could move forward.

Both direct i.t. injection174,175 and CED170,176–179 have been used clinically to deliver mAbs

and toxin fusion proteins to patients who have had surgical resection of their brain tumors. These

studies provide a strong clinical rationale for the direct intracerabral delivery of HMW agents.

Initially, the primary focus should be on determining the safety of administering them to patients

prior to surgical resection of their brain tumors. After this has been established, then biodistribution

studies could be carried out in patients scheduled to undergo surgical resection of their brain

tumors. The patients’ tumor and normal tissues would then be analyzed for their boron content,

and if there was evidence of preferential tumor localization with boron concentrations in the range

10–20 mg/g and normal brain concentrations of less than 5 mg/g, then therapy studies could

be undertaken.

Because there is considerable variability in EGFR expression in gliomas, it is highly unlikely

that any single agent will be able to deliver the requisite amount of boron to all tumor cells, and that

HMW agents would need to be used in combination with BPA/BSH. This general plan would also

be applicable to the other HMW delivery agents and nanovehicles that have been discussed in this

review. The joining together of chemistry and nanotechnology180,181 represents a major step

forward for the development of effective boron delivery agents for NCT. Nanovehicles offer the

possibility of tumor targeting with enhanced boron payloads. Potentially, this could solve the

central problem of how to selectively deliver large number of boron atoms to individual

cancer cells.

As can be seen from the preceding discussion, the development of HMW boron delivery agents

must proceed in step with strategies to optimize their delivery and an appreciation as to how they

would be used clinically. Intracerebral delivery has been used in clinically advanced settings, but

nuclear reactors, which currently are the only source of neutrons for BNCT, would not be condu-

cive to this. Therefore, the development of accelerator-neutron sources,182 which could be easily

sited in hospitals, is especially important. This also would facilitate the initiation of large scale

clinical trials at selected centers that treat large numbers of patients with brain tumors and would

permit evaluation of new boron delivery agents.
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In conclusion, there is a plethora of HMW boron delivery agents that have been designed and

synthesized. The challenge is to move from experimental animal studies to clinical biodistribution

studies, a step which has yet to be taken.
6.11 SUMMARY

BNCT is based on the nuclear capture and fission reactions that occur when nonradioactive boron-

10 is irradiated with low energy thermal neutrons to yield LET alpha particles (4He) and recoiling

lithium-7 (7Li) nuclei. For BNCT to be successful, a sufficient number of 10B atoms (approximately

109 atoms/cell) must be selectively delivered to the tumor and enough thermal neutrons must be

absorbed by them to sustain a lethal 10B(n,a) 7Li capture reaction. BNCT primarily has been used to

treat patients with brain tumors, and more recently those with head-and-neck cancer. Two LMW

boron delivery agents currently are being used clinically, BSH and BPA. However, a variety of

HMW agents consisting of macromolecules and nanovehicles have been developed. This review

focuses on the latter, which includes mAbs, dendrimers, liposomes, dextrans, polylysine, avidin,

FA, and both epidermal and vascular endothelial growth factors (EGF and VEGF). Procedures for

introducing boron atoms into these HMW agents and their chemical properties are discussed.

In vivo studies on their biodistribution are described, and the efficacy of a subset of them, those

which have been used for BNCT of tumors in experimental animals, will be discussed.

Because brain tumors currently are the primary candidates for treatment by BNCT, delivery of

these HMW agents across the BBB presents a special challenge. Various routes of administration are

discussed, including receptor-facilitated transcytosis following i.v. administration, direct i.t injection

and convection-enhanced delivery in which a pump is used to apply a pressure gradient to establish

bulk flow of the HMW agent during interstitial infusion. Finally, we have concluded with a discussion

relating to issues that must be addressed if these HMW agents are to be used clinically.
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7.1 INTRODUCTION

As discussed in other chapters of this book, nanotechnology offers the research community the

potential to significantly transform cancer diagnostics and therapeutics. Our ability to manipulate

the biological and physicochemical properties of nanomaterial allows for more efficient drug

targeting and delivery, resulting in greater potency and specificity, and decreased adverse side

effects. The combinatorial possibilities of these multifunctional platforms have been the focus of

considerable research and funding, but realization of their use in clinical trials is highly dependent

on rigorous preclinical characterization to meet regulatory provisions and elucidated structure–

activity relationships (SARs). A rational characterization strategy for biomedical nanoparticles

contains three essential components (see Figure 7.1): physicochemical characterization, in vitro

assays, and in vivo studies.

7.1.1 PHYSICOCHEMICAL CHARACTERIZATION

One of the major criticisms of early biomedical nanotechnology research was the general lack of

physicochemical characterization that did not allow for the meaningful interpretation of resulting

data or inter-laboratory comparisons. Traditional small molecule drugs are characterized by data that

contribute to the chemistry, manufacturing and controls (CMC) section of the investigational new

drug (IND) application with Food and Drug Administration (FDA), which include their molecular

weight, chemical composition, identity, purity, solubility, and stability. The instrumentation to

ascertain these properties has been well established, and the techniques are standardized. Engineered

nanomaterials have dimensions between small molecules and bulk materials and often exhibit

different physical and chemical properties than their counterparts. These physical and chemical
Physical
Characterization:
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FIGURE 7.1 An assay cascade for preclinical characterization of nanomaterials.
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properties influence the biological activity of nanoparticles and may depend on parameters such as

particle size, size distribution, surface area, surface charge, surface functionality, shape, and aggre-

gation state. Additionally, because most nanoparticle concepts are multifunctional, the

distribution of targeting, imaging, and therapeutic components can also have dramatic effects on

nanoparticle biological activity. There is a need to establish and standardize techniques to define

these nanoparticle attributes.

There is now ample evidence that size and surface characteristics can dramatically affect

nanoparticle behavior in biological systems.1–4 For instance, a decrease in particle size leads to

an exponential increase in surface area per unit mass, and an attendant increase in the availability of

reactive groups on the surface. Nanoparticles with cationic surface character have a notably

increased ability to cross the blood–brain barrier compared to nanoparticles with anionic surfaces.5

In general, surface area, rather than mass, provides a better fit of dose–response relationships in

toxicity studies for particles of various sizes.6,7 Physicochemical characterization of properties,

such as size, surface area, surface chemistry, and aggregation/agglomeration state, can provide the

basis for better understanding of SARs.

7.1.2 IN VITRO CHARACTERIZATION

In vitro assays enable the isolation and analysis of specific biological and mechanistic pathways

under controlled conditions. While many in vitro assays for nanomaterials will be similar to those

used for traditional drugs, others will address mechanisms more specific to nanoparticles, such as

oxidative stress. Noncellular assays measuring processes, such as protein adsorption, will also be an

important accompaniment to cell-based assays. For example, monitoring the profile of serum

proteins that absorb to nanoparticles in an in vitro environment may further our understanding of

how nanoparticles interact with components of the reticuloendothelial system (RES) in vivo.8,9

Additionally, proteomics and toxicogenomics can be employed to potentially identify biomarkers

of toxicity related to nanomaterial exposure.10

7.1.3 IN VIVO CHARACTERIZATION

In vivo studies must be conducted to better understand the safety and behavior of nanoparticles in a

living organism. As with any new chemical entity (NCE), the nanoparticle formulations’ pharma-

cological and toxicological properties (i.e., ADME/Tox) need to be thoroughly characterized.

In vivo studies should include examination of nanoparticles’ effects on various organs and

systems, such as the liver, heart, kidney, and immune system.

In this chapter, we outline the scientific rationale underlying the development of an assay

cascade, with special attention paid to the selection and adaptations of assays and analytical protocols

needed to extract meaningful efficacy and safety data from nanomaterials. These are presented in the

following four sections: (1) physicochemical characterization, (2) in vitro pharmacology and toxi-

cology assessment, (3) in vivo pharmacology and toxicology assessment, and (4)

immunotoxicity. Standardized characterization of nanomaterials will facilitate better inter-labora-

tory comparison of results and will enhance the quality of scientific data submitted by investigators in

support of their IND applications.
7.2 PHYSICOCHEMICAL CHARACTERIZATION

The physicochemical characteristics of nanomaterials can affect their cellular uptake, binding to

blood proteins, access to target sites, and ability to cause damage to cells and tissue.11 Standard

methods for physicochemical characterization of nanomaterials will provide the basis for rational

product development as well as consistent and interpretable results for tests of efficacy and safety.

Few examples of standard characterization criteria exist in the literature, and there is as yet no
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consensus as to what measurement criteria are appropriate for any given nanomaterial product.

However, it is clear that the diversity and complexity of nanomaterials used in biomedical appli-

cations dictates a more comprehensive and strategic approach to characterization than has been

applied to date.

There are many varieties of nanomaterials currently being investigated for biomedical appli-

cations, especially for cancer diagnosis, imaging, and targeted drug delivery. These nanomaterials

may be classified under several broad categories:
q 2006
† Organic nanoparticles (e.g., dendrimers, polymers, functionalized fullerenes)

† Inorganic nanoparticles and organic–inorganic hybrids (e.g., iron oxide core particles,

quantum dots)

† Liposomes and other biological nanomaterials
Each category of nanomaterial has a distinctly different composition that gives rise to different

physical properties, such as solubility, stability, surface characteristics, and functional capabilities.

Even within a single category, there can be a tremendous variety of product compositions, each

with unique physical and chemical characteristics, and each requiring a different strategy for

measuring those characteristics. This section examines the various categories of nanoparticles,

and the tools and instrumentation available to address physicochemical characterization.

7.2.1 PHYSICOCHEMICAL CHARACTERIZATION STRATEGIES

Successful characterization strategies will enable one to begin associating the physicochemical

properties of a nanomaterial with its in vivo behavior (i.e., SARs). This is an important step in the

development of any material used for medical applications. For small molecules, the basis of most

traditional drugs, the characterization techniques have been well established and standardized to

determine their attributes, such as melting point, boiling point, molecular weight and structure,

identity, composition, solubility, purity, and stability. These characteristics are measured and

adequately defined using elemental analysis, mass spectrometry (MS), nuclear magnetic resonance

(NMR), ultraviolet-visible (UV–vis) spectrophotometry, infrared (IR) spectroscopy, high-per-

formance liquid chromatography (HPLC), gas chromatography (GC), capillary electrophoresis

(CE), polarimetry, and other common analytical methods. Each of these individual techniques

provides unique information about the sample, while together they provide the foundation for

product quality control, manufacturing, and regulatory approval.

Many of the techniques used to characterize small molecules apply to nanomaterials. However,

due to the composite nature of nanomaterials, the definition and measurement of these attributes can

be quite different. To fully understand the attributes of a nanomaterial, additional characterizations

are needed, such as size, surface chemistry, surface area, polydispersity, and zeta potential (see

Figure 7.2). A comprehensive analysis of these properties is necessary to better understand in vivo

effects and to allow for greater consistency and reproducibility in their preparation. The require-

ments set by regulatory bodies for quality control and consistency of biomedical nanomaterials are

likely to be as stringent as those for small molecule preparations, but the path to verifying quality

will require a more sophisticated approach. At the core of this analysis is an array of tools and

instrumentation that are particularly well suited to measuring the properties of nanomaterials.

7.2.2 INSTRUMENTATION

7.2.2.1 Spectroscopy

Many traditional analytical methods can be applied to the characterization of nanomaterials. For

example, NMR is extensively used to characterize dendrimers, polymers, and fullerenes

derivatives, and provides unique information on the structure, purity, and functionality.12–14
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In addition, the average number of terminal capping groups, number of small molecule ligands, and

drugs in a multifunctional nanomaterial can be ascertained by comparing the integration values

with chemical shifts unique to the ligands. UV–vis absorption spectrophotometry is also exten-

sively used to identify and quantify the chromophore present in the preparation by using its

extinction coefficient. Spectrofluorimetry is used in cases where the material has inherent fluor-

escence (such as quantum dots) or labeled with a fluorescence probe. Matrix-assisted laser

desorption ionization time-of-flight (MALDI-TOF) MS is used extensively for macromolecules,

dendrimers, and polymers to determine the molecular weight and utilize novel matrices to minimize

the fragmentation of the macromolecule before reaching the detector. In the case of lower gener-

ation dendrimers, the presence of impurities, incomplete reaction, and reaction byproducts can be

easily determined using MS.
7.2.2.2 Chromatography

Liquid chromatography methods such as analytical HPLC and size-exclusion chromatography

(SEC; also called gel-permeation chromatography or GPC) utilize a column to separate components

of a mixture in a liquid mobile phase based on their interaction with a solid stationary phase. The

eluents are passed through UV–vis and fluorescence detectors with a flow cell where the absorbance

and fluorescence is recorded to determine the purity of the sample. Although these techniques are

suitable for stable polymers, dendrimers,15 functionalized fullerenes, and protein- and peptide-based

nanomaterial, they are not suitable for particles that degrade under experimental conditions or have

excessive nonspecific binding to the solid matrix.
7.2.2.3 Microscopy

Scanning probe microscopy (SPM) techniques can be employed to measure the size, topography,

composition, and structural properties of nanoparticles. Related techniques such as scanning

tunneling microscopy (STM), electric field gradient microscopy (EFM), scanning thermal

microscopy, and magnetic field microscopy (MFM) combined with atomic force microscopy

(AFM), can be used to investigate the structural, electronic, thermal, and magnetic properties of
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a nanomaterial. AFM uses a nanoscale probe to detect the inter-atomic forces and interactions

between the probe and the material being analyzed and is capable of determining size and shape

within a spatial resolution of a few angstroms.16 Apart from the ability to measure the particle size

in a dry state as well as in aqueous and physiological conditions, AFM is a useful tool to probe the

interaction of nanoparticles with supported lipid bilayers. This technique has been successfully

used to compare nanoparticle interactions in in vitro cell assays.17,18 The ability to image under

physiological conditions makes AFM a powerful tool for the characterization of nanoparticles in a

dynamic, biological context. A variant of this method, molecular recognition force microscopy

(MRFM), can be employed to study the specific ligand–receptor interactions between nanoparticles

and their biological targets.

Optical microscopy techniques are useful at the micron scale and are extensively used for

imaging structural features. Fluorescence and confocal microscopy may be used to determine

cellular binding and internalization of fluorescent-labeled nanoparticles19 or those that are inher-

ently fluorescent, such as quantum dots. But a more precise analysis of nanomaterial size and other

direct measurements of physical properties will require a more sophisticated and specialized set of

microscopic and spectroscopic techniques.

Scanning electron microscopy (SEM) provides information on the size, size distribution, shape,

and density of nanomaterials. Transmission electron microscopy (TEM) and high-resolution TEM

are more powerful than SEM in providing details at the atomic scale and can yield information

regarding the crystal structure, quality, and grain size. TEM can be coupled with other character-

ization tools, such as electron energy loss spectrometry (EELS) or energy dispersive x-ray

spectrometry (EDS), to provide additional information on the electronic structure and elemental

composition of nanomaterials. Samples for TEM are evaluated dry or in a frozen state, under high-

vacuum conditions. Nanoparticles analyzed by this instrument must therefore be stable under these

extreme conditions. Additionally, while considered a gold standard of microscopic characterization

methods, TEM requires a great deal of skill and time to obtain good data. In principle, when

establishing characterization protocols, TEM can be used to validate characterization methods

that are easier to use on a routine basis. Further description of analytical technologies as they

apply to the measurement of specific nanomaterial properties is provided in the following sections.
7.2.2.4 Size and Size Distribution

Size is one of the critical parameters that dictate the absorption, biodistribution, and route of

elimination for biomedical nanomaterials.20 Generally, nanoparticles with dimensions of less

than 5–10 nm are rapidly cleared after systemic administration, while particles from 10 to 70 nm

in diameter may penetrate capillary walls throughout the body.21,22 Larger particles 70–200 nm

often remain in circulation for extended times.22,23 This general correlation of biodistribution and

elimination with respect to size may vary greatly depending on nanoparticle surface characteristics.

Specifically in cancer applications, size is an important factor in the accumulation of thera-

peutic nanomaterials in tumors, usually as a result of enhanced permeation and retention (EPR),

caused by local defects in the vasculature and poor lymphatic drainage.24 Particle size can be

precisely tuned to take advantage of this phenomenon and passively target and deliver a therapeutic

payload to tumors.25–27

Depending on the category of the nanomaterial, synthesis and scale-up can be problematic.

Most biomedical nanomaterials for therapeutic and diagnostic applications are complex and

involve some combination of molecular self-assembly, encapsulation, and/or the use of nano-

sized metal or polymer cores, surfactants and/or proteins to impart solubility and functionality.

Due to inherent variability in the manufacturing process, one rarely achieves a monodisperse,

homogeneous product. It is therefore important to ascertain the precise size, size distribution,

and polydispersity index (PDI) of the material. There are several techniques available to assess

these parameters, including electron microscopy, AFM, and light scattering. Light scattering
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techniques can measure overall size and polydispersity of the particles. TEM is powerful in

ascertaining the homogeneity of nanoparticles with encapsulated metals and in determining core

size. With knowledge of nanoparticle geometry and size, surface area can also be estimated.

For biological applications, it is important to measure the physical characteristics of the nano-

material in isotonic solution at physiological pH and temperature. The hydrodynamic size can be

measured under these conditions using dynamic light scattering (DLS) (also known as photon

correlation spectroscopy [PCS] and quasi elastic light scattering [QELS]) and analytical ultracen-

trifugation (AU). In a DLS experiment, the effects of Brownian motion (particle movement caused

by random collisions in solution) provide information on particle size and size distribution. The

sample is illuminated with a laser, and the intensity fluctuations in the scattered light are analyzed

and related to the size of the suspended particles. This technique is useful in determining whether

the nanomaterial is monodisperse in size distribution. These data are influenced by the viscosity and

the temperature of the medium, since Brownian motion depends on these factors. The pH of the

medium and salt concentration may also affect the degree of agglomeration in some samples. With

DLS, sample preparation is easy, the measurement is quick, and data are reproducible on larger

sample volumes compared to microscopy techniques; however, better standardization of

procedures, conditions, and data analysis tools will be required. Static light scattering provides

information on molar mass and root-mean-squared (rms) radius for fractionated or monodisperse

samples. One limitation of light scattering instruments is the inability to measure the size when the

nanoparticles absorbs in the wavelength of the laser being used. Small-angle x-ray scattering

(SAXS)28 and small-angle neutron scattering (SANS)29 can be used to measure the size, shape

and orientation of components. Due to their cost and infrastructure requirements, there is limited

availability of these instruments. For fluorescent nanomaterials such as quantum dots, size can be

measured using fluorescence correlation spectroscopy (FCS).30

The hydrodynamic size of nanoparticles can also be measured with AU, which is traditionally

used to measure the size of proteins.31 The instrument spins the protein sample solution under high

vacuum at a controlled speed and temperature while recording concentration distribution at set

times. Even though this technique is designed to measure the size of proteins in solution, it has

potential applications in the measurement of the hydrodynamic size of nanoparticles samples that

are stable under the experimental conditions. Fractionation using SEC separates stable polymers

into individual components and helps in the determination of the PDI. In the case of unfractionated

samples, batch mode measurement provides averaged quantities such as weight-averaged molar

mass and z-average rms radius. This technique is especially useful when combined with a refractive

index detector to obtain absolute molecular weight for very high molecular weight polymers where

traditional MS methods fail.

In cases where the separation and fractionation of nanomaterial is not possible using a

column with a stationary phase, such as when the nanomaterial may interact with the column

packing material and render it unstable, asymmetric-flow field flow fractionation (AFFF) is

useful.32 In AFFF, separation occurs when the sample passes through a narrow channel with

a cross-flow through a porous semi-permeable membrane. The faster moving smaller particles

rise to the top of the flow and come out first followed by larger particles that stay closer to the

membrane and migrate more slowly. One advantage in this method is that there is no stationary

phase in the separation: the sample injected comes out intact with little loss of material due to

nonspecific binding. This feature is particularly useful for less stable nanoparticles such as

liposomes, or for polymer- or protein-coated metal nanoparticles that would otherwise interfere

with the performance of a traditional GPC column. The efficiency of separation for AFFF is not

as good as with GPC, but there have been recent improvements in instrumentation that are

closing the gap in performance. For both GPC and AFFF, the quantity and hydrodynamic size of

the nanoparticles are detected in eluted peaks by measuring absorbance, refractive index, and

light scattering.
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In addition to size, the shape of a nanoparticle may affect its distribution and absorption in the

body. Spherical, tubular, plate-like, or nano-porous materials of the same composition can vary

significantly in their surface energy, biological activity, and access to different physiological

structures, such as cell walls, capillary vessels, etc. Methods such as AFM, SEM, TEM, and

STM can be used to determine the distribution of shape in a nanoparticle preparation.
7.2.2.5 Surface Characteristics

Surface characteristics contribute to the nanoparticle’s solubility, aggregation tendency, ability to

traverse biological barriers (such as a cell wall), biocompatibility, and targeting ability. The

nanoparticle surface is also responsible for interaction and binding with plasma proteins in vivo,

which in turn may alter the nanoparticle’s distribution and pharmacokinetics. For multifunctional

nanoparticles, modifying agents are often attached to the surface to bind to receptors in target

tissues and organs. The presence of charged functionalities on the nanoparticle surface may

increase nonspecific uptake, making the preparation less effective in targeting. It has been shown

that dendrimer nanoparticles displaying positively charged amine groups on their surface can be

significantly more hemolytic and cytotoxic than nanoparticles displaying negatively charged

carboxylates.20 The negatively charged nanoparticles were also cleared more slowly from the

blood compared to positively charged species, following intravenous administration to rats.20

Another potential effect of surface charge is to alter a nanoparticle’s ability to penetrate the

blood–brain barrier. Studies have shown that for emulsifying wax nanoparticles, anionic surfaces

were superior to neutral or cationic surfaces for penetration of the blood–brain barrier.33

Surface characteristics can be tuned to improve receptor binding, reduce toxicity, or alter

biodistribution. For example, when the above-mentioned dendrimers were acetylated to neutralize

exposed surface charges, the toxic effects of the nanoparticles were also neutralized.20,34 Surface

properties can also lead to toxicity through interaction with molecular oxygen, leading to oxidative

stress and inflammation. Electron capture at the surface of the nanoparticle results in the formation

of the superoxide radical, which can set off a cascade of reactions (e.g., through Fenton reaction or

disumation) to generate reactive oxygen species (ROS). ROS generation has been studied exten-

sively for inhaled nanoparticles,11,35 and has been observed in engineered nanoparticles such as

fullerenes, single walled nanotubes (SWNTs), and quantum dots.6,36–44 Studies have shown a direct

correlation between nanoparticle surface area and ROS-generating capacity and inflammatory

effects.11

The nature and integrity of nanomaterial surfaces must be established through analytical

measurements to ensure product quality and account for surface-dependent effects on biodistribu-

tion and toxicity. Potentiometric titrations provide crucial information on the net charge of a

nanoparticle, and include zeta potential analysis, which provides information on the net charge

and distribution under physiological conditions. Polyacrylamide gel electrophoresis (PAGE)

analysis of dendrimers and other nanopolymers yields information on the molecular weight and

the polydispersity of nanoparticles (such as trailing generations in dendrimer populations) based on

their migration through the gel under an electric field. PAGE is also a powerful tool in the

qualitative analysis of bioconjugates of nanomaterials with DNA, oligonucleotides, antibodies,

and other ligands. Further analysis of the surface charge distribution and polydispersity of nano-

materials can be conducted using CE. MS is also effective in ascertaining the number and

distribution of charges, especially for smaller and purer nanoparticles with known

molecular weight.
7.2.2.6 Functionality

Analysis of the functional components of nanomaterials, such as targeting, imaging, and

therapeutic agents, is critical to understand the in vivo efficacy of the preparation. Characteristic
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features of functional components include their quantity, distribution, orientation, and activity. For

targeting agents, a key advantage of their use in nanoparticles is their ability to provide increased

avidity to the target due to polyvalency. The level of polyvalency and activity of targeting agents

can be monitored using surface plasmon resonance (SPR) to measure the rate constants for nano-

particle association and dissociation. During preclinical development, the affinity of nanomaterial

preparations for their target molecule/receptor can be analyzed using SPR and compared to data

obtained for binding to cellular receptors in culture.45

The average number of targeting agents per nanoparticle has to be optimized for both solubility

and binding affinity. Affinity chromatography or SEC can be employed with some nanoparticles to

separate nanoparticles with targeting agents from those without targeting agents. In nanoparticles

containing antibodies19,46 or proteins, quantification can be achieved using an enzyme-linked

immunosorbent assay (ELISA) or bicinchoninic acid assay (BCA) if the inherent property of the

nanoparticle itself does not interfere with the assay. In the case of dendrimers, NMR has been

successfully applied to analyze the average number of targeting agents by comparing the inte-

gration values of the signals associated with the targeting agents to those belonging to the

dendrimer. This is still an averaged technique that cannot distinguish the distribution of targeting

agent density on a population of nanoparticles.

For targeted drug delivery applications, it is obviously important for both the targeting and

therapeutic agents to be on the same particle. If the therapeutic has UV–vis absorption, it can be

quantified using UV–vis spectroscopy with the extinction coefficient of the drug. HPLC analysis is

possible in some cases to evaluate the amount of the drug present in a known amount of material,

after isolating the drug from the sample.
7.2.2.7 Composition and Purity

Biomedical nanomaterials can be comprised of a wide variety of substances, including polymers,

metals and metal oxides, lipids and other organic compounds, and large biomolecules such as

protein or DNA. In most cases, the nanomaterials combine two or more of these substances,

such as in a core or shell of a particle, and in encapsulated or conjugated material. Analysis of

chemical composition will be critical for confirming the purity and homogeneity of nanomaterial

product preparations.

Elemental analysis, such as CHN analysis, is most often used to ascertain the purity of small

molecules. For nanomaterials, elemental analysis can be used to determine the composition and

ratios of different elements present in the sample. For example, this technique can be used to

determine the amount of linker present, if a unique element (such as sulfur) has been employed

in the synthesis. In the case of core–shell metal nanoparticles, the ratio of core to shell material

ratios can be determined.

Atomic absorption (AA) and atomic emission (AE) spectroscopies can also be utilized to

determine the composition of nanomaterials. For imaging applications using iron oxide nanopar-

ticles or gadolinium (Gd)-based chelates, composition analysis is very important to quantify metals

present in the preparation which influence imaging efficacy. Inductively coupled plasmon optical

emission spectroscopy (ICP-OES) is very sensitive to determine the amount of Gd in such contrast

agent conjugates.47 Specific T1/T2 relaxivities of magnetic resonance contrast agents can, of

course, be assessed under in vitro conditions in the actual MRI instrument.

The purity of synthetic small molecules can be determined with a high degree of certainty since

the analyte usually consists of a single component. With nanomaterials, purity must be determined

in the context of multiple layered, conjugated, and encapsulated components. Purity analysis must

account for the presence of solvents, free metals and chelates, unconjugated therapeutic or other

agents, precursors, dimers, etc., that result in artifacts and side products of the preparation.48

Characterization of the inhomogeneity in ligand distribution is very important for efficacy as

well as testing batch-to-batch reproducibility.49 Proper methods and techniques to detect the
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presence of all these entities are required to ensure the purity and quality of nanomaterial prep-

arations and to further expand our understanding of SARs.
7.2.2.8 Stability

The ability of multifunctional nanoparticles to combine targeting, therapeutic, and imaging modal-

ities is a key aspect of their versatility and anticipated clinical impact.50–52 With such complex

compositions, the stability of all the components in nanoparticles is essential to their biological

function. Premature release of any of the components from the composite preparation may render it

ineffective. For example, in a nanodelivery system containing a targeting agent and a drug, the

nanoparticles with the drug cannot bind to the desired targeting site if the targeting agent is

prematurely cleaved or released. If the drug is prematurely released, even if the nanoparticle

reaches its target, there will no longer be a therapeutic benefit.53 For this reason, it is important

to determine the in vitro functional component stability under physiological conditions.

For a nanomaterial providing targeted or timed-release drug delivery with an encapsulated

drug, the release profile should be determined at different ionic strength, pH, and temperature

conditions. Examples of such conditions include the stability at pH 7.4, in buffers such as phosphate

buffered saline (PBS), and serum at 378C. There are many nanoparticle designs being pursued

which incorporate the selective release of components triggered by an external stimulus after

targeted delivery. If a therapeutic attached to a nanoparticle uses a cleavable linkage, the efficiency

of release should be determined under the expected cleavage conditions.54

In cases where a metal complex is used (for example, a Gd chelate for enhanced MRI contrast),

the stability constants for the encapsulation or complexation should be determined, since any

release of free heavy metal will increase the in vivo toxicity of the preparation.55 The potential

in vivo application of quantum dots has raised some concerns that the CdSe core might be exposed

by the breakdown of its protective polymer or inorganic shell, releasing the highly toxic heavy

metal Cd2C ions into the bloodstream.56 The quantum dot shells have been designed to be protec-

tive, but their long-term stability (e.g., susceptibility to Cd leaching) has not been established.

Studies conducted on primary hepatocytes in vitro suggest that CdSe core quantum dots may be

acutely toxic under certain conditions.57 Other studies suggest that under physiological conditions,

appropriately coated quantum dots do not expose the host organism to toxic levels of the core

material.58–60 Apparently conflicting evidence as to the safety of quantum dots highlights the

necessity of clearly and objectively establishing the stability of these nanoparticles under physio-

logical conditions using standardized methodologies.

It is also important to determine the stability of the nanoparticle under nonphysiological

conditions to account for the effects of short-term and long-term storage, lyophilization, ultrafiltra-

tion, thermal exposure, pH variation, freeze–thawing, and exposure to light.

In summary, adequate physicochemical characterization of nanomaterials should be included

as an essential requirement for preclinical characterization. Just as molecular characterization

forms the basis of dosing and toxicity studies for small molecule therapeutics and diagnostic

compounds, physicochemical characterization provides the foundation for dosing and toxicity

studies for nanomaterials intended for clinical applications. Standardized protocols are being estab-

lished by Standards Developing Organizations, such as the International Standards Organization

(ISO) and American Society for Testing and Materials (ASTM), for characterizing the many types

of biomedical nanomaterials being developed today for human use. Additionally, standardized

reference material (SRM) will enable analytical technologies to be calibrated and protocols to be

tested for consistency and to facilitate inter-laboratory comparisons.

To better control for the results of in vivo studies of nanomaterial absorption, distribution,

metabolism, elimination, and toxicity, it will be necessary to examine the material in the same

physicochemical state as would be found under physiological conditions. Particle-specific attri-

butes that should be evaluated include surface characteristics, chemical composition, shape, size,
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and ligand dispersity. Additional properties that are influenced by experimental conditions include

solubility, stability, protein binding, and aggregation state. Knowing the exact physiological con-

ditions in different tissues and organs and developing a means to either replicate those conditions or

measure physicochemical properties in situ is a significant challenge. But continued studies in this

area will provide further data to elucidate the linkages between physicochemical characteristics of

nanomaterials and their biological effects (i.e., SARs).
7.3 IN VITRO PHARMACOLOGICAL AND TOXICOLOGICAL ASSESSMENTS

Prior to filing an IND or investigational device exemption (IDE) application with the FDA and

subsequent clinical testing in humans, a new product must be adequately studied for efficacy and

safety using animal models. The cost- and labor-intensiveness of these in vivo studies impel drug

and device researchers to make use of predictive in vitro methodologies wherever technology

permits. In vitro models can serve as an initial assessment of a nanomaterial’s efficacy and absorp-

tion, distribution, metabolism, elimination, and toxicity (ADME/Tox), allowing a more strategic

approach to animal studies. Used iteratively with in vivo studies, the two approaches can inform

each other and help narrow investigations of the physiological and biochemical pathways that

contribute to ADME/Tox behavior.

A variety of cell-based in vitro systems are available, including perfused organs, tissue slices,

cell cultures based on a single cell line or combination of cell lines, and primary cell preparations

freshly derived from organ and tissue sources. In vitro models allow examination of biochemical

mechanisms under controlled conditions, including specific toxicological pathways that may occur

in target organs and tissues. Examples of mechanistic toxicological endpoints assessed in vitro

include inhibition of protein synthesis and microtubule injury. These mechanistic endpoints can

provide information not only as to the potential mechanisms of cell death, but also can identify

compounds that may cause chronic toxicities that often results from sublethal mechanisms that may

not cause overt toxicity in cytotoxicity assays. Common mechanistic paradigms associated with

nanoparticle toxicity include oxidative stress, apoptosis, and mitochondrial dysfunction. Due to the

nanoparticle- and approach-specific nature of pharmacology studies, it is beyond the scope of this

chapter to discuss pharmacological assay specifics. Where appropriate models exist, chemothera-

peutic efficacy can be examined in vitro. In certain cases, targeting of chemotherapeutic agents may

be demonstrated as well, using optimized treatment/wash-out schemes in cell lines expressing the

targeted receptor. Though nanoparticle metabolism or enzyme induction has yet to be demon-

strated, certain nanomaterials with attractive chemistries may be subjected to phase-I/II

metabolism and induction studies using cell-based, microsomal, and/or recombinant

enzyme systems.

7.3.1 SPECIAL CONSIDERATIONS

Many of the standard methods used to evaluate biocompatibility of new molecular and chemical

entities are fully applicable to nanoparticles. However, existing test protocols may require further

development and laboratory validation before they become available for routine testing. Careful

attention must be paid to potential sources of interference with analytical endpoints that may lead to

false-positive or false-negative results. Nanoparticle interference could result from: interference

with assay spectral measurements; inhibition/enhancement of enzymatic reactions61,62; and absorp-

tion of reagents to nanoparticle surfaces. In the event of nanoparticle interference, additional

sample preparation steps or alternative methods may be required.

When evaluating the results of in vitro assays, it is important to recognize that dose–response

relationships will not always follow a classical linear pattern. These atypical dose–response

relationships have previously been attributed to shifts between the different mechanisms underlying

the measured response.63 In the case of nanomaterials, it is also important to bear in mind that
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concentration-dependent changes in the physical state (e.g., aggregation state, degree of protein

binding) may also result in apparent nonlinearity.

Another key consideration when evaluating the results of nanoparticle research is the impact of

dose metric (e.g., mass, particle number, surface area), sample preparation (e.g., sonication), and

experimental conditions (e.g., exposure to light) on the interpretation of results. For example,

surface area or particle number may be a more appropriate metric than mass when comparing

data generated for different sized particles. This has been shown to be the case for 20- and 250-nm

titanium dioxide nanoparticles, in which lung inflammation in rats, as assessed by percentage of

neutrophils in lung lavage fluid, correlated with total surface area rather than mass.64 The import-

ance of experimental conditions in study design is highlighted by an investigation of functionalized

fullerenes, demonstrating that the cytotoxicity of dendritic and malonic acid functionalized full-

erenes to human T-lymphocytes in vitro is enhanced by photoexcitation.41 The standardization of

these experimental variables should limit inter-laboratory variability and make data generated

more comparable.
7.3.2 IN VITRO TARGET-ORGAN TOXICITY

A recently published report from the International Life Sciences Institute Research Foundation/Risk

Science Institute Nanomaterial Toxicity Screening Working Group73 recommends the inclusion

of several specific in vitro assays in a standard protocol of safety assessment. Much of the report

focused on toxicity screening for environmental exposure to nanoparticles and thus emphasized

environmentally relevant exposure routes. However, in addition to the in vitro examination of

so-called portal-of-entry tissues, the report expressed the need for inclusion of potential target

organs. The liver and kidney were selected as ideal candidates for these initial in vitro target

organ toxicity studies, since preliminary investigations (discussed below) have identified these as

the primary organs involved in the accumulation, processing, and eventual clearance

of nanoparticles.

The liver has been identified in many studies as the primary organ responsible for

reticuloendothelial capture of nanoparticles, often due to phagocytosis by Kupffer cells.65–67 Fluor-

escein isothiocyanate-labeled polystyrene nanoparticles and radiolabeled dendrimers, for example,

are rapidly cleared from the systemic circulation by hepatic uptake following intravenous injec-

tion.4,68 Hepatic uptake has also been shown to be a primary mechanism of hepatic clearance for

parenterally administered fullerenes, dendrimers, and quantum dots.20,69,70 In addition to hepatic

accumulation, nanoparticles have also been shown to have a detrimental effect on liver function ex

vivo and alter hepatic morphology. Hepatocytes isolated from rats intravenously administered

polyalkylcyanoacrylate nanoparticles had diminished secretion of albumin and decreased

glucose production.71 This alteration in albumin synthesis was also observed in freshly isolated

rat hepatocytes exposed to polyalkylcyanoacrylate nanoparticles. Dendrimers have also been

shown to cause liver injury. Repeated dosing of mice with polyamidoamine (PAMAM) dendrimers

resulted in vacuolization of the hepatic parenchyma, suggesting lysosomal dysfunction.72

Sprague–Dawley rat hepatic primary cells and human hepatoma Hep-G2, selected for in vitro

hepatic target organ toxicity assays, have a long history of use in toxicological evaluation.73–75

Hep-G2 cells were chosen since they are a readily available hepatocyte cell line with high meta-

bolic activity.76 Rat hepatic primary cells were also chosen for toxicological studies, since hepatic

primary cells in culture are more reflective of in vivo hepatocytes with regard to enzyme expression

and specialized functions. One survey found rat hepatic primary cells up to ten times more sensitive

to model hepatotoxic agents than established hepatic cell lines.77 Rat hepatic primaries represent a

suitable alternative to human hepatic primary cells, which are scarce, costly, and suffer from

interindividual variability.

Preliminary pharmacokinetic studies of parenterally administered, radiolabeled carbon nano-

tubes, dendritic fullerenes, and low generation dendrimers in rodents have identified urinary
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excretion as the principal mechanism of clearance.78–80 A variety of engineered nanoparticles,

including actinomycin D-loaded isobutylcyanoacrylate, doxorubicin-loaded cyanoacrylate, and

dendrimer nanoparticles, have also been shown to distribute to renal tissue following parenteral

administration in rodents.68,81,82 In the case of the doxorubicin-loaded cyanoacrylate nanoparticles,

doxorubicin renal distribution was increased due to capture of the nanoparticles by glomerular

mesangial cells. This resulted in a shift in the primary target organ from the heart to the kidney.

Doxorubicin-induced renal injury presented as a severe proteinuria. Kidney injury has been demon-

strated for other nanomaterials as well. Nano-zinc particles, for example, caused severe histological

alterations in murine kidneys and Q-dots were shown to be cytotoxic to African green monkey

kidney cells.83,84

The porcine renal proximal tubule cell line, LLC-PK1, was selected as a representative kidney

cell line, since it is readily available through ATCC and has been used extensively in nephrotoxicity

screening and mechanistic studies.85 The SD rat hepatic primary, LLC-PK1 and Hep-G2 cells are

adherent, which can simplify sample preparation, and can be propagated in a 96-well plate format

suitable for high-throughput screening. The 96-well format allows for detailed concentration–

response curves and multiple controls to be run on the same microplate. These cell lines were

subjected to a variety of in vitro assays, described below, to evaluate cytotoxicity, mechanistic

toxicology, and pharmacology. These assays have been selected primarily for their superior per-

formance, convenience, and adaptability in evaluating this new class of biomedical agent.

7.3.3 CYTOTOXICITY

Cell viability of adherent cell lines can be assessed by a variety of methods.86 These methods fall

broadly into four categories, assays that measure: (1) loss of membrane integrity; (2) loss of

metabolic activity; (3) loss of monolayer adherence; and (4) cell cycle analysis. Data generated

using these various viability assays can be used to identify cell lines susceptible to nanoparticle

toxicity and potentially give clues as to the type (i.e., cytostatic/cytotoxic) and location of cellular

injury. Many of the cytotoxicity assays discussed below are available as commercial kits. These kits

should be used whenever feasible since they provide an extra level of quality control.

1. Membrane integrity assays are particularly important as a measure of cellular damage,

since there is evidence that some cationic nanoparticles, such as amine terminated

dendrimers, exhibit toxic effects by disrupting the cell membrane.87 Examples of

assays that measure membrane integrity include the trypan blue exclusion assay and

lactate dehydrogenase (LDH) leakage assay, which measures the presence of LDH

released into the media through cell lysis.88,89 The LDH leakage assay was selected

because of its sensitivity and suitability for the high-throughput, 96-well plate format.

2. Examples of assays which measure metabolic activity include tetrazolium dye reduction,

ATP, and 3H-thymidine incorporation assays. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) reduction assay was chosen for measurement

of metabolic activity in the assay cascade, since it does not use radioactivity, and

historically has been proven sensitive and reliable. MTT is a yellow water-soluble

tetrazolium dye that is metabolized by live cells to water insoluble, purple formazan

crystals. The formazan can be dissolved in DMSO and quantified by measuring the

absorbance of the solution at 550 nm. Comparisons between the spectra of samples

from nanoparticle treated and untreated cells can provide a relative estimate of cyto-

toxicity.90

The MTT assay requires a solubilization step that is not required for the newer

generation of tetrazolium dyes that form water-soluble formazans (e.g., XTT).

However, these analogs require an intermediate electron acceptor that is often unstable,

adding to assay variability. Furthermore, the net negative charge of these newer analogs
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limits cellular uptake, resulting in extracellular reduction.91 MTT, with a net positive

charge, readily crosses cell membranes and is reduced intracellularly, primarily in the

mitochondria. Because nanoparticles have been shown to interact with cell membranes

and could potentially interfere with the reduction of the newer generation analog via

trans-plasma membrane electron transport, the traditional MTT assay would appear to be

a better choice to assess cellular viability in nanoparticle cytotoxicity experiments.

Analytes that are antioxidants, or are substrate/inhibitors of drug efflux pumps, have

been shown to interfere with the MTT assay.92,93 Functionalized fullerenes, which have

not identified as efflux pump inhibitors or substrates, but do possess potent antioxidant

activity, have been observed in our laboratory to cause MTT assay interference, resulting

in enhanced MTT reduction and overestimation of cell viability (unpublished data).

3. Loss of monolayer adherence to plating surfaces is often used as a marker of cytotoxicity.

Monolayer adherence is commonly measured by staining for total protein, following

fixation of adherent cells. This simple assay is often a very sensitive indicator of loss of

cell viability.55 The sulforhodamine B total protein staining assay was selected for

determination of monolayer adherence. Advantages of this assay include the ability to

store the fixed, stained microplates for extended periods prior to measurement, making

the assay especially suitable for high throughput.94

4. Cell cycle analysis is conducted using propidium iodide staining of DNA and flow

cytometry.95 Flow cytometric can be used as a screening test for toxicity of chemicals.

This method can determine the effect of nanoparticle treatment on cell cycle progression,

as well as cell death. Cell cycle effects have been shown for a variety of nanoparticles.

For instance, carbon nanotubes have been shown to cause G1 cell cycle arrest in human

embryonic kidney cells, with a corresponding decrease in expression of G1-associated

cdks and cyclins.96
7.3.4 OXIDATIVE STRESS

The generation of free radicals by nanomaterials is well documented.97,98 In most cases, the studied

material was of ambient or industrial origin (quartz, carbon black, metal fumes, and diesel exhaust

particles). However, engineered nanomaterials, such as fullerenes and polystyrene nanoparticles,

have been shown to generate oxidative stress as well.40,99,100 Lovric et al., for example, determined

ROS to play an important role in cytotoxicity of quantum dots that have lost their protective

coating.101 The unique surface chemistries, large surface area, and redox active or catalytic

contaminants (e.g., metals, quinones) of nanoparticles can facilitate ROS generation.102 For

example, fullerenes can perform electron transfer (phase-I pathway) or energy transfer (phase-II

pathway) reactions with molecular oxygen following photoexcitation,44 resulting in the formation

of the superoxide anion radical or singlet oxygen, respectively. The superoxide anion radical can

then undergo further reactions, such as dismutation and Fenton chemistry, to generate additional

ROS species (e.g., %OH), resulting in cellular injury (see Scheme 7.1).103 Evidence of fullerene-

induced oxidative stress includes lipid peroxidation in the brains of exposed fish and treated rat liver

microsomes.40,104 Additional biomarkers of oxidative stress include a decrease in the reduced

glutathione/oxidized glutathione ratio (GSH/GSSG), DNA fragmentation, and protein

carbonyls.105

Biomarkers of nanoparticle-induced oxidative stress measured in our laboratory include ROS,

lipid peroxidation products, and GSH/GSSG ratio. The fluorescent dichlorodihydroflourescein

(DCFH) assay is used for measurement of ROS, such as hydrogen peroxide.106 DCFH-DA is a

ROS probe that undergoes intracellular deacetylation, followed by ROS-mediated oxidation to a

fluorescent species, with excitation 485 nm and emission 530 nm. DCFH-DA can be used to

measure ROS generation in the cytoplasm and cellular organelles, such as the mitochondria. The
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SCHEME 7.1 (1) Photoexcited fullerenes can perform electron-transfer reactions with molecular dioxygen to

form the superoxide anion radical (O$K
2 ). Superoxide can then undergo superoxide dismutase (SOD)-catalyzed

dismutation to hydrogen peroxide (H2O2). H2O2 is a substrate for catalase (CAT)-and glutathione peroxidase

(GSHPx)-catalyzed detoxification reactions. (2) The oxidation of glutathione (GSH) to form oxidized gluta-

thione (GSSG) during detoxification of H2O2 can result in a loss of glutathione homeostasis. GSH can be

regenerated by glutathione reductase (GR). (3) Alternatively, hydrogen peroxide can undergo transition metal

(FeCC)-catalyzed Fenton chemistry to form the highly reactive hydroxyl radical (HO%) that is capable of

initiating lipid peroxidation and DNA/protein oxidation.

Preclinical Characterization of Engineered Nanoparticles Intended for Cancer Therapeutics 119
thiobarbituric acid reactive substances (TBARS) assay is used for measurement of lipid per-

oxidation products, such as lipid hydroperoxides and aldehydes. A molondialdehyde (MDA)

standard curve is used for quantitation. MDA, a lipid peroxidation product, combines with thio-

barbituric acid in a 1:2 ratio to form a fluorescent adduct, that is measured at 521 nm (excitation)

and 552 nm (emission). TBARS are expressed as MDA equivalents.107 The dithionitrobenzene

(DTNB) assay is used for evaluation of glutathione homeostasis. In the DTNB assay, reduced GSH

interacts with 5,5 0-dithiobis(2-nitrobenzoic acid) (DTNB) to form the colored product 2-nitro-5-

thiobenzoic acid, which is measured at 415 nm, and GSSG. GSSG is then reduced by glutathione

reductase to form reduced GSH, which is again measured by the preceding method. Pretreatment

with thiol-masking reagent, 1-methyl-4-vinyl-pyridinium trifluoromethane sulfonate, prevents

GSH measurement, resulting in measurement of GSSG alone.108
7.3.5 APOPTOSIS AND MITOCHONDRIAL DYSFUNCTION

Nanoparticle-induced cell death can occur by either necrosis or apoptosis, processes that can be

distinguished both morphologically and biochemically. Morphologically, apoptosis is charac-

terized by perinuclear partitioning of condensed chromatin and budding of the cell membrane to

form apoptotic bodies, whereas necrosis is characterized by cellular swelling (oncosis) and bleb-

bing of the cell membrane.109 In vitro studies have demonstrated the ability of nanoparticles, such

as dendrimers and carbon nanotubes, to induce apoptosis.110–112 In vitro exposure of macrophage-

like mouse RAW 264.7 cells to cationic dendrimers led to apoptosis confirmed by morphological

observation and the evidence of DNA cleavage.112 Pretreatment of cells with a general caspase

inhibitor (zVAD-fmk) reduced the apoptotic effect of the cationic dendrimer.112 Apoptosis has also

been observed in cultured human embryonic kidney cells (HEK293) and T lymphocytes treated
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with single walled carbon nanotubes, and in MCF-7 breast cancer cells treated with quantum

dots.101,110,113

Apoptosis in mammalian cells can be initiated by four potential pathways: (1) mitochondrial

pathway, (2) Death receptor-mediated pathway, (3) ER-mediated pathway, and (4) Granzyme

B-mediated pathway.114 Our laboratory has focused on caspase-3 activation in liver and kidney

cells as a biomarker of apoptosis, since this a downstream event in all the classical apoptotic

signaling pathways and can be measured using a fluorometric protease assay. This assay quantifies

caspase-3 activation in vitro by measuring the cleavage of DEVD-7-amino-4-trifluoromethyl

coumarin (AFC) to free AFC that emits a yellow-green fluorescence (lmaxZ505 nm).115 This

initial apoptosis screen can then be followed by additional analysis, as cellular morphology

studies using nuclear staining techniques to detect perinuclear chromatin, or agarose gel electro-

phoresis to detect DNA laddering.116

Evidence supports a role for ROS in generation of the mitochondrial permeability transition via

oxidation of thiol components of the permeability transition pore complex.117 As discussed in the

preceding sections, nanoparticles have been shown to induce oxidative stress, and thus this ROS-

mediated pathway for induction of the mitochondrial permeability transition is a plausible apoptotic

mechanism for nanomaterials. For instance, ambient ultrafine particulates have been shown to

translocate to the mitochondria of RAW 264.7 murine macrophage cells, cause structural

damage, and altered mitochondrial permeability.98 A subsequent study demonstrated that mito-

chondrial dysfunction and apoptosis in the RAW 264.7 cells could be induced by polar compounds

fractionated from ultrafine particles, suggesting that the mitochondrial dysfunction caused by

ultrafines was the result of redox cycling of quinone contaminants on the surface of the particle.118

This link between oxidative stress, mitochondrial dysfunction, and apoptosis has also been

observed for man-made nanoparticles. For example, metal and quantum dot engineered nanopar-

ticles have both been shown to induce oxidative stress, mitochondrial dysfunction, and apoptosis in

various in vitro models.101,119 Water-soluble, derivatized fullerenes, which have been shown to

accumulate in the mitochondria of HS 68 human fibroblast cells, have also been shown to induce

apoptosis in U251 human glioma cells.120,121 While this derivatized fullerene-induced apoptosis in

the glioma cell line did not involve oxidative stress, mitochondrial dysfunction was not measured

and cannot be ruled out. Mitochondrial dysfunction and apoptosis have also been observed in a

human gastric carcinoma cell line exposed to chitosan nanoparticles.122 Taken together, these

observations support a role for mitochondrial dysfunction and oxidative stress in nanoparticle-

induced apoptosis. Apart from apoptosis, mitochondrial dysfunction has long been associated

with necrotic cell death, and represents a potential necrotic mechanism of nanoparticle-induced

injury as well.123

Mitochondrial dysfunction can result from several mechanisms in addition to opening of the

permeability transition pore complex, including uncoupling of oxidative phosphorylation, damage

to mitochondrial DNA, disruption of the electron transport chain, and inhibition of fatty acid

b-oxidation.124 Methods used to detect mitochondrial dysfunction include measurement of

ATPase activity (via luciferin–luciferase reaction), oxygen consumption (via polarographic tech-

nique), morphology (via electron microscopy), and membrane potential (via fluorescent probe

analysis).125 Our laboratory measured loss of mitochondrial membrane potential in rat hepatic

primaries, and Hep-G2 and LLC-PK1 cell lines, using the 5,5 0,6,6 0-tetrachloro-1,1 0,3,3 0-tetraethyl-

benzimidazolcarbocyanine iodide (JC-1) assay, which is a convenient assay that does not require

mitochondrial isolation or use specialized equipment.126 This fluorescent dye partitions into the

mitochondrial matrix as a result of the membrane potential. Concentration of JC-1 in the matrix

results in aggregation that fluoresces at 590 nm (red). Upon loss of membrane potential, the dye

dissipates from the matrix and can be measured, in its monomer state at emission 527 nm (green).

The proportion of green to red fluorescence reflects the degree of mitochondrial membrane

depolarization.
q 2006 by Taylor & Francis Group, LLC



Preclinical Characterization of Engineered Nanoparticles Intended for Cancer Therapeutics 121
7.3.6 PROTEOMICS AND TOXICOGENOMICS

Proteomics and toxicogenomics are useful tools for identifying the mechanisms underlying

toxicity.127 Using gel electrophoresis in combination with MS identification, or gene microarray

technology, the expression of specific pathway-responsive genes, such as Phase-II enzymes for

oxidative stress, or cytokines for inflammation, can be identified. The delineation of these toxic

pathways could help further refine the in vitro and in vivo study of nanomaterials, potentially

leading to the development of novel biomarkers that could then be used in clinical and occupational

toxicology studies. Proteomic and genomic research on biomedically relevant nanomaterials is

presently underway, using a series of human hepatocyte, kidney, and immunological primary cells.
7.4 IN VIVO PHARMACOKINETIC AND TOXICOLOGICAL ASSESSMENTS

As is the case with any NCE, a thorough understanding of the properties that govern biocompat-

ability is necessary to allow transition of nanomaterials to human clinical trials. Although in vitro

toxicology studies can be informative, the obvious caveat is that phenomenon observed in vitro may

not materialize in vivo due to differences in biological response or nanoparticle concentrations.

Therefore, nanoparticle safety and therapeutic efficacy can only be definitively assessed by rigorous

in vivo testing. This phase is guided in part by insights obtained from the physicochemical and

in vitro characterization programs.

The primary goal of in vivo studies is to evaluate nanomaterials’ pharmacokinetics, safety, and

efficacy (see Table 7.1) in the most appropriate animal models. Preclinical toxicological and

pharmacokinetic studies are conducted in accordance with the FDA regulatory guidance for IND

and IDE submission. It is not within the scope of this chapter to review this regulatory guidance;

instead, the reader is directed to the regulatory chapter of this text. While it is generally agreed that

the current in vivo pharmacological and toxicological endpoints used for devices and small

molecule drugs should be appropriate in assessing the safety and efficacy of biomedical nanoma-

terials, the qualities of nanomaterials that lend themselves to biomedical application, such as
TABLE 7.1
In Vivo Pharmacological and Toxicological Assessment of Nanomatersials

Category Assessment

Initial disposition study Tissue distribution

Clearance mechanisms

Half-life

Systemic exposure (plasma AUC)

Immunotoxicity 28-day screen

Immunogenicity (repeat-dose toxicity study)

Hypersensitivity

Immunostimulation

Immunosuppression

Dose-range finding toxicity NOAEL

STD10

Good laboratory practices studies PK/ADME

Expanded single dose acute toxicity

Repeated dose toxicity

Efficacy Targeting

Therapeutic

Imaging
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macromolecular structure and polydispersity, could also be problematic with respect to preclinical

characterization, as will be discussed below. Early efforts are focused on identifying and standar-

dizing the analytical and toxicological methodologies that are unique to nanoparticle

preclinical characterization.

Several factors can influence the clinical viability of a new cancer diagnostic or therapeutic

agent, aside from economic feasibility. These include: (1) demonstrated advantage over the current

market standard; (2) appropriate administration route/schedule/elimination half-life; and (3)

favorable safety profile.

1. The in vivo characterization phase includes an assessment of nanoparticle imaging

and/or therapeutic efficacy in animal models that most closely approximate the human

disease state. For instance, targeting efficacy is addressed by comparing a nanoparticle

distribution profile with that of a nontargeted nanoparticle from the same class; however,

this approach may be prone to ambiguities due to passive targeting via the EPR effects.

For those particles with imaging components, the signal enhancement and tissue distri-

bution profile is monitored using the appropriate magnetic resonance, ultrasound, optical,

or positron emission tomography imaging instrumentation. In all cases, the approach will

be compared against the present market standard to provide comparable data regarding

efficacy, pharmacokinetics, and safety.

2. Animal studies of nanoparticles have rarely utilized the oral administration route, but

those that have used that route have demonstrated poor intestinal absorption. For

example, 98% of orally administered, PEG-functionalized fullerenes are eliminated in

the feces within 48 h. Oral bioavailability of polystyrene nanoparticles were similarly

poor, with less than 7% of 3000-, 1000-, 100-, 50-, and 3-nm sized particles absorbed.128

Due to this extremely low nanoparticle oral bioavailability, the majority of biomedical

nanoparticle formulations encountered undoubtedly will be intended for parenteral

administration. Since diagnostic and chemotherapeutic regimens are typically of short

duration, the inconvenience of intravenous administration does not appear to be a sig-

nificant hurdle for eventual clinical transition.

To be a successful diagnostic or therapeutic agent, nanoparticles should be eliminated

from the body in a reasonable timeframe. However, studies have shown that optimum

passive targeting of tumors, by the EPR effect, also requires that nanoparticle agents

remain in the systemic circulation for prolonged periods.129 Therefore, there must be a

balance between systemic residence and clearance. At present, avoidance of the RES

system and eventual urinary clearance appears to be a formidable obstacle for many of

the current approaches, such as iron oxide MRI contrast agents and lipidic nanoparticle

drug delivery agents, which have been shown to undergo capture by organs of the RES

and remain for extended periods.130,131 The primary mechanism of nanoparticle clear-

ance, as discussed previously, appears to be glomerular filtration, which is governed by

charge, molecular weight, and degree of protein binding.132,133 A good case study of the

importance of molecular weight in mediating glomerular filtration, by Gillies and

colleagues, demonstrated that dendrimer–polyethylene oxide complexes greater than

40 kDa were cleared less readily than lower molecular weight species. Because timely

clearance is an important drug attribute, accurate and thorough disposition studies

are required.

The single greatest obstacle for nanoparticle disposition studies is analytical

methodology to quantitate nanoparticle concentrations in biological matrices, such as

plasma and tissues. Due to their macromolecular and polydispersed nature, nanomater-

ials do not lend themselves to quantitation by traditional methods, such as HPLC and

LC/MS, and may require alternative methods such as radiolabeling and scintillation
q 2006 by Taylor & Francis Group, LLC



BU
GG
tota
A/G
Ch

Bra
Lym

Lym
Pro
Uri
Ha

Ma
Fem

Thy
Pit
Thy
Sp
Ileu
Ce

FIG

Preclinical Characterization of Engineered Nanoparticles Intended for Cancer Therapeutics 123

q 2
counting. Since many biomedical nanoparticles will be multifunctional, and have

imaging components, the imaging functionality of the particle could potentially be

used for in vivo quantitation. In cases where no imaging component is present, the

nanoparticles could be tagged with an appropriate probe to allow for imaging quan-

titation. The labeling method utilized may alter the surface properties of a

nanoparticle, and thus affect the tissue distribution profile; comparison of alternative

labeling methods would help identify consensus behavior. In any event, the use of

imaging would first require validation using traditional methods such as LC/MS or

scintillation to ensure image intensity could correlate to nanoparticle concentration in

a linear fashion. Since many nanomaterials are electrondense, electron microscopy might

also be used for tracking tissue distribution.

3. The objectives of the preclinical toxicological studies are to identify target organs of

toxicity and to aid in the selection of starting doses for phase-I human clinical trials.

Toward this end, toxicity studies seek to determine dose ranges causing (1) no adverse

effects (NOAEL) and (2) life-threatening toxicity (i.e., severe toxic dose 10% [STD10]).

Studies are performed in two mammalian species, rodent and nonrodent, with rats the

preferred rodent species, since they exhibit the greatest concordance with human toxi-

cities.134 Nanoparticle formulations are administered according to the intended clinical

treatment cycle, with regard to schedule, duration, route, and formulation. Necropsy,

performed on animals showing signs of morbity during the study and at study termin-

ation, includes comprehensive hematology, histopathology, and clinical chemistry (see

Figure 7.3). Several preclinical studies suggest a key role for reticuloendothelial organs,

such as liver, kidney, and bone marrow, in the uptake of nanoparticles from the systemic

circulation.67,69 Therefore, these organs should receive special attention with regard to

functional and histopathological evaluation. A review of the limited in vivo safety data

available for nanoparticles supports the scrutinizing of these tissues, as there are several

examples of RES organ injury, including hepatotoxicity and nephrotoxicity. For

example, intravenous administration of cationic PAMAM dendrimers at low doses has
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been shown to cause liver injury, as determined by histopathology and elevations in

serum alanin aminotransferase when administered intravenously to mice; larger doses of

the same cationic dendrimer were lethal to 100% of the mice.135 Nephrotoxicity and

hepatotoxicity, as determined by histopathology and serum enzyme markers, have both

been observed in mice treated orally with nano-zinc.72,84

One of the potential advantages of nanoparticle drug formulations is an improved safety profile

as a result of targeted therapy or elimination of toxic solubilization agents. For example, Baker and

colleagues have shown that methotrexate-conjugated PAMAM dendrimers containing a folate

receptor targeting ligand are more efficacious, and less toxic, than unformulated methotrexate

against a murine human epithelial cancer model.34 Abraxane is an example of a nanoparticle

formulation of paclitaxel, presently on the market, that takes advantage of the solubilizing effect

of albumin, eliminating the need for the toxic vehicle Cremophor EL.136 Phase-III studies have

shown enhanced therapeutic response of abraxane compared to Cremophor-formulated paclitaxel,

while side effects, such as myelosuppression and peripheral neuropathy, were significantly reduced.

As discussed above, nanoparticle drug formulations are compared against the unformulated drug to

determine if the improvement in safety profile is realized.
7.5 IMMUNOTOXICITY

A growing body of evidence suggests that immunotoxicity provides a considerable contribution to

onset and development of various disorders, including cancer and autoimmune diseases.137–139

Nevertheless, it was not until recently that this relatively new field of toxicology emerged as an

important interface between the fields of novel drug design and pharmacology. Recognition of

immunosuppressive properties of new pharmaceuticals during early drug development phase is

very important to eliminate potentially dangerous substances from the drug pipelines. For

example, treatment of patients diagnosed with Crohn’s disease and rheumatoid arthritis with inflix-

imab and etanercept (both drugs represent neutralizing anti-TNF antibodies) resulted in increased

incidence of tuberculosis and histoplasmosis.140–143 Although these data did not result in withdrawal

of any of the products from the pharmaceutical market, they helped initiate the strategy of preparing

patients for anti-TNF therapy by screening for, and treatment of, latent tuberculosis prior to admin-

istration of anti-TNF medications. Immunosuppression caused by pharmaceuticals can also lead to

the development of lymphomas and acute leukemia.144–146 Undesirable immunostimulation caused

by pharmacological intervention include immunogenicity, hypersensitivity, and increased risk of

autoimmune response. The standard toxicology endpoints employed for safety assessment of new

pharmaceuticals primarily rely on clinical chemistry and histopathological evaluation of immune

organs and were developed several decades ago. Currently, there is an increasing demand for

the development of new methods for immunotoxicity assessment because of drug candidates’

more complex structure as well as the application of new technologies in their manufacturing.

The introduction of new molecular and immune cell biology methods into the immunotoxicology

assessment framework is not a trivial and straightforward process. It requires not only scrupulous

validation and standardization of the new techniques but also demonstration of the physiological

relevance for the proposed battery of assays. These processes are expensive, time-consuming, and

necessitate cooperation across the various pharmaceutical industry players. Unlike traditional drugs,

multifunctional nanomaterials combine both chemistry-based and biotechnology-derived com-

ponents, and therefore their characterization using standard methodologies requires adjustments

and/or modification of classical experimental protocols. Below we will attempt to summarize data

on critical aspects of immunotoxicological evaluation of nanomaterials and examine challenges in

the application of standard methodologies for the assessments of nanoparticle safety to the

immune system.
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7.5.1 APPLICABILITY OF STANDARD IMMUNOLOGICAL METHODS FOR NANOPARTICLE EVALUATION

AND CHALLENGES SPECIFIC TO NANOPARTICLE CHARACTERIZATION

Immunotoxicological evaluation of new drug candidates includes studies on both immunosuppres-

sion and immunostimulation, and is applicable to nanomaterials intended for use as drug candidates

and/or drug delivery platforms. Short-term in vitro assays are being developed to allow for quick

evaluation of nanoparticles’ biocompatibility. The in vitro immunotoxicity assay cascade includes

the following methods: analysis of plasma protein binding by two-dimensianol polyacrylamide gel

electrophoresis (PAGE), hemolysis, platelet aggregation, coagulation, complement activation,

colony forming unit-granulocyte macrophage (CFU-GM), leukocyte proliferation, phagocytosis,

cytokine secretion by macrophages, chemotaxis, oxidative burst, and evaluation of cytotoxic

activity of NK cells.147 In addition to these methods, our in vitro tests include sterility assessment

based on pyrogen contamination test (L-amebocyte lysate (LAL) assay) and evaluation of micro-

biological contamination. The assay cascade is based on several regulatory documents

recommended buy the FDA for immunotoxicological evaluation of new investigational drugs,

medical devices, and biotechnology, derived pharmaceuticals,148–152 as well as on ASTM and

ISO standards developed for characterization of blood contact properties of medical

devices.153–155 The aim of the in vitro immunoassay cascade is to provide quick evaluation of

nanomaterials of interest prior to initiation of more thorough in vivo studies. Challenges specific for

immunotoxicity assessment of nanoparticulate materials are summarized below.
7.5.1.1 Blood Contact Properties

One important aspect of nanoparticle used for medical applications is the assurance that they will

not cause toxicity to blood elements when injected into a patient.

Hemolysis (i.e., damage to red blood cells) can lead to life-threatening conditions such as

anemia, hypertension, arrhythmia, and renal failure. In our laboratory we have developed a protocol

to evaluate hemolytic properties of nanoparticles based on the existing ASTM International stan-

dard used to characterize other materials.147,156 We have identified several problems when applying

existing protocol for nanoparticles characterization. For example, colloidal gold nanoparticles with

size 5–50 nm have absorbance at 535 nm, which overlaps with the assay wavelength of 540 nm.

Removal of these particles by centrifugation was required prior to sample evaluation for the

presence of plasma-free hemoglobin to avoid false-positive results. Though it worked well for

gold particles with size 10–50 nm, centrifugation may be problematic for other nanoparticles.

For example, small colloidal gold particles with a size of 5 nm require higher centrifugation

force to be removed from the supernatant. Hemoglobin has a size of 5 nm; therefore, one cannot

exclude the possibility that ultracentrifugation of supernatant may pellet hemoglobin along with the

gold particles and thus result in a false-negative result. Ultracentrifugation is not feasible for

fullerenes or dendrimer particles. Analysis of polystyrene particles of 20, 50, and 80 nm revealed

another complication. We found that particle preparation damages red blood cells; the damage is

caused by the surfactant used during particle manufacturing, and is detected for 20- and 50-nm

particles. For 80-nm particles, the hemolysis assay showed false-negative results due to the adsorp-

tion of hemoglobin by the particles. When we applied dialysis to remove surfactant, 50-nm particles

revealed same phenomenon as 80-nm particles, i.e., they caused hemolysis, but adsorbed hemo-

globin resulting in a false-negative result. Another potential problem with the application of

standard hemolysis protocol for nanoparticles characterization is that metal-containing particles

may oxidize hemoglobin and result in a change in assay OD responses. Therefore, assay procedures

may require slight modifications depending on the particle type. In general, inclusion of particle test

samples without blood allowed for quick assessment of the potential particle interference with the

assay. In some instances, deduction of the result generated for blood-free particle control from that
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obtained for blood-plus particle sample was possible and allowed estimation of particle potential to

cause damage to erythrocytes.

Blood coagulation. Blood coagulation may be affected by nanomaterials. For example, modifi-

cation of surface chemistry has been shown to improve immunological compatibility at the

particle–blood interface: application of polyvinyl chloride resin particles resulted in 19G4%

decrease in platelet count, indicating platelet adhesion/aggregation and increased blood coagulation

time; the same particle preparation coated with PEG affected neither the platelet count nor elements

of coagulation cascade.157 Similarly, folate-coated and PEG-coated Gd nanoparticles did not

aggregate platelets or activate neutrophils.158 The evaluation of nanoparticle effects on blood

coagulation includes studies on platelet function and coagulation factors. The in vitro cascade

includes platelet aggregation assay and four coagulation assays measuring prothrombin time,

activated partial thromboplastin time, thrombin time, and reptilase time.

Interaction with plasma proteins. High-resolution, 2D PAGE may be the method of choice to

investigate plasma protein adsorption by nanoparticles. 2D PAGE has been used in several labs to

isolate and identify plasma proteins adsorbed on the surface of stealth polycyanoacrylate particles8,

liposomes159,160, solid lipid161, and iron oxide nanoparticles.162 Proteins commonly identified on

several types of nanomaterials include antithrombin, C3 component of complement, alpha-2-

macroglobulin, haptoglobin, plasminogen, immunoglobulins, albumin, fibrinogen, apolipoprotein,

and transthyretin; albumin, immunoglobulins, and fibrinogen are the most abundant. Studies using

this approach revealed that surface chemistry is important for protein adsorption. For example,

Peracchia et al. demonstrated that coating with PEG results in approximately a fourfold reduction in

protein binding by polycyanoacrylate particles.163 Gessner et al. prepared polystyrene latex model

nanoparticles with different surface charges. This study demonstrated that increasing surface charge

density results in a quantitative increase in plasma protein adsorption, but did not show significant

differences in the qualitative composition of the absorbed protein mixture.164

One of the most important step in this procedure is the separation of particles from plasma after

incubation is complete. Ultracentrifugation was shown to be successful for isolation of iron oxide,

solid lipid particles, and some polymer-based particles.8,160,162 Gel filtration was applicable to

liposomes,159 solid lipid, and iron oxide nanoparticles. Thode and colleagues compared four

methods for isolation of iron oxide particles, i.e., ultracentrifugation, static filtration, magnetic

separation, and gel filtration. Depending on the method used for particle separation from bulk

plasma, different quantities of the same proteins and different species of proteins were identified

on the particles of the same size and surface chemistry.162 For example, albumin was the predo-

minant protein if static filtration and gel filtration were employed, while small quantities of this

protein were found after ultracentrifugation; it was almost undetectable when magnetic separation

was used. There was no difference in isolation of fibrinogen among the four methods. Comparable

quantities of IgG gamma-chain were isolated using ultracentrifugation, static filtration, and

magnetic separation, while gel filtration appeared to be inefficient in isolation of this protein.162

Attention has to be paid to the sample preparation to avoid artificial protein adsorption due to

desorption during the separation, for example. Other critical steps are the number of washes to

remove an excess of bulk plasma, the type of wash buffer, and a buffer to dislodge protein from the

particle surface. In our lab we also found that using polypropylene low-retention tubes and pipette

tips is crucial for isolation of particle-specific proteins (unpublished data).

Complement activation and phagocytosis. Following intravenous administration, nanoscale

drug carriers may suffer a drawback in that they may be taken up by cells of the mononuclear

phagocytic system. Consequently, such uptake facilitates clearance of nanoparticulate carriers and

associated drugs, thus leading to a decrease in drug efficacy.165 The initial adsorption of plasma

proteins such as components of complement and immunoglobulins promotes nanoparticles clear-

ance.166,167 Therefore, the investigation of a nanoparticle’s ability to interact with and activate a

complement and uptake by mononuclear cells seems to be one of the key assays in the preclinical

characterization cascade. Classical immunoassays used to evaluate complement activation, such as
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the total hemolytic complement assay (CH50) and the alternative pathway (rabbit CH50 or

APCH50), are based on the hemolysis of rabbit erythrocytes. These hemolytic assays can be

used to measure functional activity of specific components of either pathway. The main challenge

in applying these assays for nanomaterial characterization is the ability of nanoparticles per se to

lyse RBCs, thus generating false-positive results. To overcome this limitation, the approach for

evaluation of complement activation includes two techniques. One is a qualitative yes or no rapid

screen for the presence of C3 cleavage products using western blot. The second assay is a quan-

titative evaluation of samples found positive at an initial screen for the presence of C4a, C3a, and

C5a components of complement using a flow cytometry-based multiplex array.

The difficulties with application of standard phagocytosis assay are: (1) light microscopy used

in traditional phagocytosis assay168 is not applicable to nanoparticles due to their smaller size; (2)

when light microscopy is substituted with TEM, visualization of particle may be complicated since

their size is similar to that of cell organelles resulting in ambiguous interpretation of TEM data, thus

TEM is limited to electron dense metal containing particles (see Figure 7.4); (3) labeling of

nanoparticles with fluorescent tags9,169 is a superior approach for visualizing internalized particles,

but should be avoided in preclinical tests as chemical attachment of fluorophore may create a new

molecular entity with properties widely divergent from those of the original particle; (4) application

of luminol to detect phagocytosed particles8 provides an exceptional technique which can over-

come all limitations listed above; however, it is not free of applicability reservations as well (e.g.,

nanoparticles may interfere with activation of luminol once it is internalized, etc.).

CFU-GM assays. CFU-GM assays allow for the evaluation of potential nanoparticles

interference with growth and differentiation of bone marrow stem cells into granulocyte and

macrophages. This assay may provide valuable information for development of anti-cancer nano-

technology platforms. Myelosuppression is a very common dose-limiting toxicity associated with

the use of oncology cytotoxic drugs. Incorporation of such drugs into nanoparticle carriers targeted

to specific cancer cells may help to reduce toxicity to normal tissues, including bone marrow, and

should be considered during initial characterization of nanocarriers.
(a) 2μm (b) 0.2μm

FIGURE 7.4 Study of internalization of 30-nm colloidal gold nanoparticles by murine macrophage cell line

RAW 264.7 by TEM. (a) Analysis of single cell. (b) Zoom-in analysis of the selected area in the same cell.
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7.5.2 IMMUNOGENICITY

This issue of immune stimulation by pharmaceuticals came into the forefront when biotechnology-

derived products, especially recombinant proteins, moved toward clinical trials. Today it is evident

that the immune system can effectively recognize biological therapeutics as foreign substances and

build up a multi-level immune response against them. A number of factors result in the immune

system responding to the administration of a pharmacological product, such as structure, formu-

lation, folding architecture, but also degradation byproducts.170 In addition, the route of

administration and the dosage were shown to influence the staging and the amplitude of the

immune system’s response. In general, immune responses to biological products could be classified

as benign in the sense that they affect only the pharmacological efficacy of the administered

compound. The greatest concern is the robust immune response to certain biotechnology-derived

products that are fraught with serious clinical consequences that may even result in a fatal outcome

due to specific recognition and elimination of the patient’s endogenous growth factors critical for

survival.171–173 For example, in the case of thrombopoietin, the immune response may result in the

production of neutralizing antibodies, causing inhibition of the endogenous thrombopoietin with

subsequent development of thrombocytopenia.173 The patient’s immune response to recombinant

erythropoietin product Eprexw has been reported to induce pure red cell aplasia.171,172,174 In the latter

example, cross-reactivity tests indicated that antibodies generated against Eprexw could also neutral-

ize other forms of erythropoietin products such as Epogenw, NeoRecormonw, and Aranespw and

suggested that antibodies are directed against some specific conformation of the erythropoietin active

site.170 Although incidence of the acute pure red cell aplasia remains relatively rare, the long-term

implications are of great concern, as over half of patients who developed the auto-antibody remained

transfusion dependent. The potential of using multifunctional nanoparticles for medical applications

raises a key question of whether nanoparticle materials by themselves can induce an anti-nanopar-

ticle immune response, stimulate allergic reactions, or trigger synthesis of nanopreparation-specific

IgE. One can expect that the generation of antibodies to nanoparticles will ultimately affect only

efficacy of the particle-based product. Of greatest concern will be the immune response to particles

functionalized with growth factors, receptors or other biological molecules, which would result in the

formation of antibodies, neutralizing the effect of these biological molecules and leading to potential

exclusion of both particle-linked and endogenous proteins, akin to similar effects observed with

biotechnology-derived pharmaceuticals. There are a limited number of studies on immunogenicity of

nanomaterials. A few of them have shown that nanoparticles may both induce nanoparticles specific

immune response and act as adjuvants.175–178 Although preclinical animal studies may not be

predictive to human immune response, available data described above do suggest that the immune

system can recognize and build an immune response against some nanoparticles. Therefore, evalu-

ation of nanoparticle antigenicity is seen as an important step during preclinical development. Other

immunogenicity characterization should include evaluation of a nanoparticles’ ability to act as an

adjuvant and to induce allergic reactions.
7.6 CONCLUSIONS

The urgency to eliminate the pain and suffering associated with cancer is fueling research into novel

therapies at a blistering pace. Through exquisitely targeted and multifunctional approaches, nano-

technology in particular holds great promise for enhancing cancer therapy. This promise, however,

will never be realized if the safety of the nanomaterial is not demonstrated to allay public concern

and if the regulatory structure is not in place to allow proper evaluation of the science. Without such

a framework, the return on investment will be uncertain and progress will undoubtedly be stalled.

The effort to develop a standardized set of protocols to characterize nanomaterials and their

biological effects will provide a foundation for future regulation and will lead to a body of knowl-

edge that will guide the design of safer nanotechnology products.
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The biologic activity and toxicity of nanoscale particles are dependent on many parameters not

typically examined for conventional small molecule therapeutics: size, shape, surface chemistry,

stability of outer coating, agglomeration state, etc., and many conventional properties, such as

stability or biodistribution, must be analyzed using a very different set of protocols and/or instru-

mentation. Emerging data from studies on nanoparticles engineered for medical use will build

toward a consensus of instrumentation and experimental methodology needed to reproducibly

determine the pharmacology and safety of these novel products.

The greatest challenge may not be in the development of new screening technologies, but in the

ability to promulgate an accepted set of characterization protocols throughout the Nano Bio

industry. The Nanotechnology Characterization Laboratory at the National Cancer Institute is

working together with the FDA, NIST, and other regulatory and standards-setting organizations

to establish the standard assays and technologies needed for timely delivery of safe and effective

nanotechnology products.
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8.1 INTRODUCTION

In the last decade, remarkable scientific progress in the development of novel, nanoscale tech-

nologies has generated rising expectations for this enabling technology to advance our efforts in the

prevention, diagnosis and treatment of human disease. These nanotechnologies, commonly referred

to as nanomedicines when applied to the treatment, diagnosis, monitoring, and control of biological

systems, incorporate a multitude of diverse and often unique nanosized products including new

and/or improved therapeutic drugs, diagnostic/surgical devices, and targeted drug delivery

systems.1 The list of nanoparticle medicines approved and/or currently being developed is quite

large; these products range from early forms of drug-encapsulating liposomes (e.g., liposomes

containing doxorubicin for treatment of breast and ovarian cancer) and simple polymeric structures

(e.g., actinomycin D adsorbed on poly(methylcryanoacrylate) (PMCA) and poly(ethylcryanoacry-

late) (PECA) nanosized particles)2 to more intricate multifunctional “nanoplatforms” and
139
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diagnostic devices, including polymeric dendrimers, nanocrystal quantum dots, carbon-based full-

erenes, and nanoshells, to name a few (see Table 8.1). The vast majority of these products are being

developed to improve early detection of cancer and/or to provide alternative clinical therapeutic

approaches to fighting cancer, some of these products have been approved by the Food and Drug

Administration for clinical use.75

Although there have been many articles published on the in vitro toxicity of certain nanoma-

terials, very little in vivo safety data evaluating the general toxicity of these novel products is

available in the published literature. Many in vitro assays (cell-based, organelle-based, and cell/or-

ganelle-free systems) have been used to evaluate the cytotoxicity of nanomaterials to help predict

the relative safety and general biocompatibility of the nanoproducts in vivo. Several such studies

include viability assays in vascular endothelial cells exposed to C60;76 fullerene induction/inhi-

bition of oxidative stress and lipid peroxidation in isolated microsomes, dermal fibroblasts, and

cultured cortical neurons;77–79 cytotoxicity of metal oxide nanoparticles to BRL 3A liver cells;80

and macrophage apoptosis after exposure to carbon nanomaterials and ultrafine particles.81–83

Although a vast amount of useful information has been obtained from these various in vitro

models, the relevance and application of these findings to human drug safety remain uncertain

until validated with in vivo studies with identical nanomaterials.

Targeted in vivo efficacy data is readily available for many of the novel, potential nanother-

apeutics; however, necessary in vivo data indicating mechanism of action, general

pharmacology/toxicity profiles, and optimal product characterization efforts rarely appear in the

published literature. Much of our current understanding of the biocompatibility of nanomaterials

comes from focused inhalation and dermal studies using nanosized products and ultrafine contami-

nants, as a model of environmental and occupational risk.84–87 However, there are questions

regarding the level of applicability of these studies to human drug safety assessment due to the

variability in size and purity of the chemical or structural composition reported or not reported in

these studies, the route of primary exposure, and the complex differences in the structure and

function of the affected organs.88 In addition, other in vivo studies, which identify intrinsic anti-

oxidant and oxidative stress-inducing properties of unsubstituted fullerenes in a rodent and fish

species, respectively, have important but limited value in drug discovery in the absence of systemic,

whole animal toxicology data67,89.

While the enthusiasm and expectations for success in utilizing nanomaterials and nanometer-

sized structures in biomedical applications grow, so do the concerns regarding the potential impact

of such products on the environment and human health.88 The absence of available safety infor-

mation for a vast majority of these novel nanosized materials and nanoparticlized drugs in

biological systems only further supports the need for additional research into any potential toxic

mechanisms in humans. The questions that appear most often in deciding the safety of any nanos-

cale material include:
q 2006
† Are nanomaterials and nanotechnology new to the United States Food and Drug

Administration (FDA)?

† How do existing regulations ensure the development of safe and effective nanotech-

nology-based drugs and how is the FDA preparing to deal with nanotechnology?

† What are the scientific considerations that raise unique concerns for nanotechnology-

based therapeutics?
8.2 FDA EXPERIENCE WITH NANOTECHNOLOGY PRODUCT APPLICATIONS

Historically, the FDA has encountered and approved many products with particulate materials

characteristic of a nanomedicine or nanoproduct (e.g., small size, mechanism of delivery, increased
by Taylor & Francis Group, LLC



TABLE 8.1
Nanomedicines: Drugs/Devices FDA Approved and in Development

Name Structure Company Size (nm) Phase Indication Referencea,b

Magnevistwc PIO Shering AG !1 APP MRI tumor imaging 3–5

Feridexwc SPIO Adv.Magnetics 120–180 APP MRI tumor imaging 5–9

Rapamunewc Nanocrystal drug Wyeth 100–1,000 APP Immunosuppressant agent 10–12

Emendwc Nanocrystal drug Merck 100–1,000 APP Nausea 13,14

Doxilwc Liposome-drug encapsulation Ortho Biotech z100 APP Metastatic ovarian cancer 15–17

Abraxanewc Nanoparticulate albumin American Pharmaceutical

Partners

z130 APP Non-small-cell lung cancer, breast cancer,

others

18–20

SilvaGardw Silver nanoparticles AcryMed z10 APP Antimicrobial surface treatment (medical

devices)

21–23

AmBisomewc Liposome-drug encapsulation Gilead Science 45–80 APP Fungal infections 24–26

Leunessew Solid lipid nanoparticles Aano-therapeutics N/A On market Cosmetics N/A

NB-001d Nanoemulsion NanoBio Corp z150 Phase II Topical microbicide for herpes labialis 27–30

VivaGelw Dendrimer Starpharma Holdings Ltd. N/A Phase I Vaginal microbicide (STI and HIV

prevention)

31–34

INGN-401c Drug–liposome complex Introgen Therapeutics N/A Phase I Metastatic lung cancer 35–38

Combidexwc USPIO Advanced Magnetics 20–50 NDA filed MRI tumor imaging 39–42

IT-101c Drug–polymer complex Insert Therapeutics N/A IND filed Metastatic solid tumors 43,44

Dendrimersc Polymeric spheres, multifunctional Dendritech Nanotech.,

Starpharma

O1 to !500 IDV Diagnostic, contrast agents, microbicide,

drug delivery, B neutron capture

45–54

Nanoshellsc Metal shell, SiO2 core Nanospectra 100–200 IDV Photo-thermal ablation therapy /imaging

tumors

55–58

Fullerenesc Carbon sphere, C60, multifunctional C Sixty 1 IDV MRI contrast agent, antiviral, antioxidant 59–67

Quantum dotsc CdSea nanocrystal Evident Technologies 2–10 IDV Optical imaging, tumor imaging,

photosensitizer

68–74

APP, approved; IDV, in development; PIO, paramagnetic iron oxide; SPIO, superparamagnetic iron oxide; USPIO, ultrasmall superparamagnetic iron oxide; STI, sexually transmitted

infection; HIV, human immunodeficiency virus; N/A, not available.

a Most typical semiconductor metal used, however can also be composed of nearly any other semiconductor metal (e.g., CdS, CdTe, ZnS, PbS, etc.).
b References do not necessarily refer to the product described, and may reflect general properties about the product.
c Drugs with proposed or proven diagnostic or therapeutic benefit to cancer patients.
d Unable to locate peer-reviewed publications. References listed are press releases found during internet search.
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surface area, specialized function related to size and increased surface area, etc.). Although the field

of nanomedicine may be new, the submission of applications for products containing novel dosage

forms or drug delivery systems, including nanomaterials, nanoparticlized drugs and medical

devices, is not particularly new to this agency. Products are reviewed on a product-by-product

basis, and as such, various concepts of risk management (i.e., risk identification, risk analysis, risk

control, etc.) are often implemented to support the drug review process.

The FDA is aware of several FDA regulated products that employ nanotechnology. However,

to date, few manufacturers of regulated products have claimed the use of nanotechnology in the

manufacture of their products or made any nanotechnology claims for the finished product.

The FDA is aware that a few cosmetic products and sunscreens claim to contain nanoparticles

to increase the product stability, modify release of ingredients, or change the opacity of the

product by using nanoparticles of titanium dioxide and zinc oxide. Similarly, several drugs

such as Gd-DTPA (Magnevistw, tumor contrast agent),3–5 ferumoxides (Feridexw, tumor contrast

agent),5–9 liposomal doxorubicin (Doxilw, chemotherapeutic),15–17 and albumin-bound paclitaxel

(Abraxanew, chemotherapeutic),18–20 to name a few, have all been approved for human clinical

use in the diagnosis and treatment of a variety of patient tumors and metastatic cancers. For public

information regarding FDA approval letters, label information, and review packages for each

of these drugs and others listed in Table 8.1, please visit the following website: http://www.

accessdata.fda.gov/scripts/cder/drugsatfda/.

Of the many drugs listed in Table 8.1, tumor contrast agents comprise some of the earliest

nanosized products to receive FDA approval for human clinical use. Critical to therapeutic

outcome, diagnostic imaging of nanosized contrast agents using non-invasive magnetic resonance

imaging (MRI) and positron emission tomography (PET), have shown advanced utility for early

detection of small tumors, metastatic lymph nodes, and altered tumor microenvironments.90

The leading MR contrast agent, Magnevistw, a paramagnetic, gadolinium-based contrast

medium, and Feridexw, a superparamagnetic iron oxide contrast agent, received primary FDA

approval for clinical use in 1988 and 1996, respectively. Each contrast agent has a different

mean particle size (!1 nm and 120–180 nm, respectively), is approved for different clinical indi-

cations, and demonstrates product-specific adverse sensitivity and pharmacology/toxicology

profiles in patients.3–9

Another early nanomedicine, liposomal encapsulated doxorubicin (Doxilw), is regulated by the

FDA and has been available in the clinic for treatment of various cancers since 1995. Drug

incorporation inside the hydrophilic core or within the hydrophobic phospholipid bilayer coat of

liposomes, has been shown to improve drug solubility, enhance drug transfer into cells and tissues,

facilitate organ avoidance, and modify drug release profiles, minimizing toxicity.91 The liposomal

formulation of the popular anthracyline, doxorubicin, which is commonly used to treat metastatic

breast and ovarian cancer, is reported to have diminished cardiotoxicity and enhanced therapeutic

efficacy compared to the free form of the drug.15–17 This increased efficacy is most likely due to the

passive targeting of solid tumors through the enhanced permeability and retention effect inherent to

tumor vasculature and aberrant tumor morphology.17 The approximate diameter of the doxoru-

bicin–liposomal product is reported to be 100 nm, near the size limits described in the FDA

definition of a nanomedicine.

Nanoparticlized, albumin-bound paclitaxel, Abraxanew, is one of the first FDA-approved

(January, 2005) cancer drugs that was submitted to the FDA with specific claims regarding

nano-related characteristics that improved this particular formulation over previous sub-

missions.18–20 Initially identified as (ABI-007), this chemotherapeutic agent that is approved for

the treatment of metastatic breast cancer eliminates the excipient Cremophorw by overcoming

intrinsic insolubility with nanoparticlization of the active paclitaxel ingredient. Although widely

used in many drug formulations, Cremophor has been associated with an adverse hypersensitivity

reaction that limited the amount of paclitaxel that could be safely administered.20 Unlike the

previous three agents, the approximate diameter of Abraxane is 130 nm, slightly larger than the
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requirements described in the National Nanotechnology Initiative (NNI) definition of nanotech-

nology (!100 nm), and thus originally was determined not to fit the size requirement of a

nanomedicine. However, the fact that the exact particle size exceeds 100 nm may not necessarily

preclude Abraxane and other similarly-sized or larger products from being

considered nanotechnology.
8.3 FDA DEFINITION OF NANOTECHNOLOGY

As described on the NNI website (http://www.nano.gov/index.html), “Nanotechnology is the

understanding and control of matter at dimensions of roughly 1–100 nm, where unique phenomena

enable novel applications. Encompassing nanoscale science, engineering and technology, nano-

technology involves imaging, measuring, modeling, and manipulating matter at this length scale.”

Similarly, in a recent publication by the European Science Foundation on Nanomedicine,92 nano-

technology is defined as the following: “In case of these devices, nanoscale objects were defined as

molecules or devices within the size range of one to hundreds of nanometers that are the active

component or object, even within the frame-work of a larger micro-size device or at a macro-

interface.” A discussion regarding the definition of nanotechnology is currently an active topic

among various organizations. However, while a definition is always useful, the FDA has tradition-

ally dealt with products on a case-by-case basis. This approach is likely to continue for

nanotechnology products, regardless of the definition. However, we are actively involved in the

various organizations and committees dealing with issues regarding terminology, such as the

American Society for Testing and Materials (ASTM) International.

The definition of nanotechnology at the FDA has been consistent with the definition of nano-

technology as reported by the NNI. As such, the FDA currently defines nanotechnology with the

following definition:

1. The existence of materials or products at the atomic, molecular, or macromolecular

levels, where at least one dimension that affects the functional behavior of the drug/de-

vice product is in the length scale range of approximately 1–100 nm.

2. The creation and use of structures, devices, and systems that have novel properties and

functions because of their small size.

3. The ability to control or manipulate the product on the atomic scale.
8.4 FDA INITIATIVES IN NANOTECHNOLOGY

The FDA is responsible for protecting the health of the public by assuring the safety, efficacy and

security of human and veterinary drugs, biological products, medical devices, our nation’s food

supply, cosmetics, and products that emit radiation. The FDA is also responsible for advancing the

public’s health by helping to speed innovations that make medicines and foods more effective, safer

and more affordable; and by helping the public get the accurate, science-based information they

need to use medicines and foods to improve their health. Towards this end, the FDA needs to

proactively pursue those innovations that would result in a significant enhancement of public

health. Therefore, it falls directly within the mandate of its mission for the FDA to understand

and help to speed innovations that promise to improve many products that will be regulated by the

FDA, such as those resulting from nanotechnology.

In response to a slowdown in innovating medical therapies submitted to the FDA for approval, the

FDA released the Critical Path Initiative (http://www.fda.gov/oc/initiatives/criticalpath/whitepaper.

html) in March 2004. The report describes the urgent need to modernize the medical product

development process—the Critical Path—to make product development more predictable and less
q 2006 by Taylor & Francis Group, LLC
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costly. The Critical Path Initiative at the FDA is a serious attempt to bring attention and focus to the

need for targeted scientific efforts to modernize the techniques and methods used to evaluate the

safety, efficacy, and quality of medical products as they move from product selection and design to

mass manufacture. It is intended to integrate new science into the regulatory process. As such, a list of

opportunities for the Critical Path Initiative was published by the FDA, and nanotechnology was

identified as one of the elements under the Critical Path Initiative. Figure 8.1 illustrates the three

dimensions of the Critical Path (safety, medical utility and industrialization).

However, the Food and Drug Administration is only one of several government agencies that

currently regulates and evaluates a wide range of products that utilize nanotechnology and/or

contain nanomaterials, including foods, cosmetics, drugs, devices, and veterinary products. As a

member of both the National Science and Technology Council (NSTC) Committee on Technology,

and the Nanoscale Science, Engineering and Technology (NSET) Working Group on Nanomater-

ials Environmental and Health Implications (NEHI), the FDA coordinates with other government

agencies, including the National Institute for Environmental Health Sciences (NIEHS), the

National Toxicology Program (NTP), and the National Institute of Occupational Safety and

Health (NIOSH) to develop novel strategies for the characterization of and safety evaluation

standards for nanomaterials. The FDA also works closely with the National Cancer Institute

(NCI) and the National Institute of Standards and Technology (NIST) in the Interagency Oncology

Task Force, Nanotechnology subcommittee, to pool knowledge and resources to facilitate the

development and approval of new cancer drugs and to address the use of nanotechnology in

cancer therapies and diagnostics. Within the FDA, the Office of Science and Health Coordination

manages the regular interaction and discussion of nanotechnology between the various agency

centers and offices, and the nanotechnology working groups within each center, and address the

concerns about the regulation of nanosized drugs and materials submitted to the individual centers.
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FIGURE 8.1 A highly generalized description of activities that must be successfully completed at different points

and in different dimensions along the Critical Path. Many of these activities are highly complex—whole industries

are devoted to supporting them. Not all the described activities are performed for every product, and many activities

have been omitted for the sake of simplicity. (From http://www.fda.gov/oc/initiatives/criticalpath/whitepaper.

html.)
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8.5 RESEARCH AT THE FDA ON NANOTECHNOLOGY

Although the FDA is a regulatory agency, it is also engaged in a number of research activities.

However, the FDA recognizes that science supported by research provides the foundation for sound

regulation. As such, the FDA is interested in research projects that can address specific regulatory

needs. As an example, FDA has a grants program in support of orphan products research and

development. The FDA does not have a grants program to support other research in non-FDA

laboratories. Nevertheless, in several of its Centers the FDA conducts research to understand the

characteristics of nanomaterials and nanotechnology processes. Research interests include any

areas related to the use of nanoproducts that the FDA needs to consider in the regulation of

these products.

Although many FDA Centers are engaged in some nanotechnology research activities, only

some of the specific projects that are currently ongoing are listed below. The research projects,

which happen to be conducted by the Center for Drug Evaluation and Research (CDER), include:

1. Particle size determination in marketed sunscreens with TiO2 and ZnO nanoparticles.

Sunscreens are considered drugs in the U.S., and although some undergo a premarket

FDA review, others are marketed under over-the-counter (OTC) monographs that outline

the active ingredients that the FDA has found to be safe and effective, as well as labeling

that is truthful and not misleading. TiO2 and ZnO used in sunscreens are therefore

manufactured according to OTC monographs, and these monographs do not specify

particle size. As a result, a manufacturer can formulate a sunscreen using particles of

TiO2 and ZnO that may or may not be in the nano size range. Therefore, to assess the

particle size of TiO2 and ZnO in currently marketed sunscreens, CDER has undertaken a

research project, in collaboration with NIST.

2. Another project focuses on manufacturing various nanoformulations in our laboratories

and characterizing the physical and chemical properties of the nanoparticles in these

formulations, including evaluating the effects of excipients on the measured parameters,

the effects of preparation methodology on the measured parameters, and the impact (if

any) that process and formulation variables may have on nanotechnology product

characteristics and stability.

3. Another project is studying the in vivo effects of selected nanoparticles, using validated

animal models. The toxicity of the same nanoparticles will also be evaluated, using

various in vitro systems.
8.6 REGULATORY CONSIDERATIONS FOR NANOTECHNOLOGY PRODUCTS

8.6.1 JURISDICTION OF NANOTECHNOLOGY PRODUCTS

There has been much interest in the question of whether nanotechnology products will be

considered drugs, devices, biologics or a combination of the three for regulatory purposes and

assignment of work. This has been extensively discussed internally within the FDA and the current

thinking is that many of these products will be considered combination products.

Combination products (i.e., drug–device, drug–biologic, and device–biologic products) are

increasingly incorporating cutting edge, novel technologies that hold great promise for advancing

patient care. For example, innovative drug delivery devices have the potential to make treatments

safer, more effective, or more convenient to patients. For example, drug-eluting cardiovascular

stents have the potential to reduce the need for surgery by preventing the restenosis that sometimes

occurs following stent implantation. Drugs and biologics can be used in combination to potentially

enhance the safety and/or effectiveness of either product used alone. Biologics are being
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incorporated into novel orthopedic implants to help facilitate the regeneration of bone required to

permanently stabilize the implants.

Because combination products involve components that would normally be regulated under

different types of regulatory authorities, and frequently by different FDA centers, they also raise

challenging regulatory, policy, and review management issues. A number of criticisms have been

raised regarding the FDA’s regulation of combination products. These include concerns about the

consistency, predictability, and transparency of the assignment process; issues related to the

management of the review process when two (or more) FDA centers have review responsibilities

for a combination product; lack of clarity about the postmarket regulatory controls applicable to

combination products; and lack of clarity regarding certain Agency policies, such as when appli-

cations to more than one agency center are needed.

To address these concerns, FDA’s Office of Combination Products (OCP) was established on

December 24, 2002, as required by the Medical Device User Fee and Modernization Act of 2002

(MDUFMA). The law gives the office broad responsibilities covering the regulatory life cycle of

drug–device, drug–biologic, and device–biologic combination products. However, the primary

regulatory responsibilities for, and oversight of, specific combination products will remain in

one of three product centers—the Center for Drug Evaluation and Research, the Center for

Biologics Evaluation and Research, or the Center for Devices and Radiological Health—to

which they are assigned.

A combination product is assigned to an agency center or alternative organizational component

that will have primary jurisdiction for its premarket review and regulation. Under section 503(g)(1)

of the act, assignment to a center with primary jurisdiction, or a lead center, is based on a

determination of the “primary mode of action” (PMOA) of the combination product. For

example, if the PMOA of a device–biological combination product is attributable to the biological

product, the agency component responsible for premarket review of that biological product would

have primary jurisdiction for the combination product.

A final rule defining the PMOA of a combination product was published in the August 25, 2005

edition of the Federal Register, and is available at http://www.fda.gov/oc/combination/. The final

rule defines PMOA as “the single mode of action of a combination product that provides the most

important therapeutic action of the combination product.”
8.6.2 EXISTING FDA REGULATIONS THAT APPLY TO NANOMATERIAL-CONTAINING PRODUCTS

The FDA has specific guidance/requirements in place for most products. These guidance docu-

ments can be accessed on the FDA’s website (http://www.fda.gov/oc/industry/default.htm). These

requirements apply to all products, whether they contain nanomaterials or not. Existing require-

ments are therefore considered to be adequate at this time for most nanotechnology

pharmaceutical products.

In the following section, there will be a brief description of the current preclinical requirements

for the submission of most drugs, to highlight why we believe that our current regulations are

adequate for the evaluation of the types of nanotechnology products that have been reported as

being “close” to submission to the agency as an investigational new drug (IND).

Within CDER, the preclinical requirements for approval to market pharmaceutical products

include both short-term and long-term toxicity testing in rodent and non-rodent species. Speci-

fically, the types of studies conducted by pharmaceutical manufacturers prior to New Drug

Application (NDA) submission include pharmacology (mechanism of action), safety pharmacology

(functional studies in various organ systems, most notably the cardiovascular system), absorption,

distribution, metabolism, and excretion (ADME), genotoxicity (potential to cause mutations in both

in vivo and in vitro assays), developmental toxicity (to assess effects on reproduction, fertility and

lactation), irritation studies (to assess local irritation effects), immunotoxicology (to assess effects

on the components of the immune system), carcinogenicity (to assess the capacity of drugs to
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induce tumors in animal models) and other possible studies (specific studies for a product being

developed). The current battery of tests, as listed above, is therefore considered to be adequate

because of the following reasons: the studies use high dose multiples of the drug (usually three

doses, one that results in low, one that results in medium and one that results in high toxicity), at

least two animal species are used (usually one rodent and one non-rodent), extensive histopathology

is conducted on most organs (where most organs are removed, fixed, stained and viewed under the

microscope to assess if there are structural changes that may have resulted from damage to the

organs), functional tests are conducted to assess if there are effects on specific organ systems (such

as the heart, brain, respiratory system, reproductive system, immune system, etc.) and drug treat-

ments in animals can be for extended periods of time (up to two years for carcinogenicity studies).

Additional studies might be requested based on drug-specific considerations and on a case-

by-case basis. Therefore, as for other drugs, nanotechnology products will be handled on a case-

by-case basis, depending on the characteristics of the particular product being developed. As

research provides additional understanding with regards to the toxicity of nanomaterials, the

FDA may require additional toxicological tests to ensure the safety of the products it regulates.
8.7 SCIENTIFIC CONSIDERATIONS FOR THE DEVELOPMENT

OF NANOTECHNOLOGY PRODUCTS

Ensuring the safety of nanomaterials in drug applications is one of the most important concerns for

regulators and drug developers. However, as important as safety is, it is also important to

adequately characterize the nanomaterials used in drug products. Proper characterization and

manufacturing procedures will ensure that a consistent product is being used, both during precli-

nical and clinical development, and after approval. Some of the questions that have been raised

internally regarding the assurance of safety of nanomaterial-containing products, as well as ques-

tions regarding characterization, are listed below. It is not within the scope of this chapter to address

questions regarding manufacturing and scale-up; however, it should be noted that this is an issue

that needs serious consideration, because unique characteristics of nanotechnology products are

likely to require unique manufacturing procedures.

8.7.1 CHARACTERIZATION OF NANOPARTICLES

It has become clear to most of those involved in research or development of potential nanotech-

nology applications that it is only possible to assess the safety of nanomaterials when the material

under study is adequately characterized. If two or more laboratories are working on what they think

is the same material, then in order for the data from one laboratory to be compared with data from

another laboratory, there needs to be some confirmation that in fact the nanomaterials being studied

are actually identical. It has been mentioned by many that for nanomaterials, small differences in

product characteristics (such as size, surface charge, hydrophobicity, or a number of other attri-

butes) may impact product behavior and thus result in vastly different safety profiles. Published data

show that slight modifications of a nanoparticle have resulted in different toxicity profiles. For

example, several in vitro studies with Starburstw polyamidoamine (PAMAM) dendrimers and

Caco-2 cells have shown decreased cytotoxicity of cationic dendrimers upon addition of lauroyl

or polyethylene glycol (PEG) to the surface of the macromolecules.93–94 Similar findings of dimin-

ished toxicity were observed in J774 macrophages upon conjugation of polysaccharides to polymer

nanoparticles and in fibroblasts and CHO cells with the addition of PEG–silica to the surface of

CdSe and CdSe/ZnS nanocrystals.95–96

Although much less toxicity data is available in vivo, it is evident that surface chemistry is of

similar importance to the toxico- and pharmacokinetics, toxico- and pharmacodynamics, and

overall stability of the nanomaterials in vivo.97–99 When injected into rodents, several generations

of dendrimers with different surface configurations displayed contrasting organ distribution
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patterns and plasma clearance profiles in vivo, typically depositing within the liver, kidney, and

pancreas.98–100 PEG-conjugation to the dendrimer particle surface significantly increased the blood

half-life and diminished the liver accumulation of dendrimer particles.99 Similarly, quantum dots

coated with a complex polymer with carbon alkyl side chains demonstrated greater in vivo stability

and less genotoxicity than those coated with a simpler polymer or lipid coating.101 Based on the

findings of these studies and the collection of pulmonary inhalation data with environmental

ultrafines and other in vitro cytotoxicity results obtained with different nanomaterials (e.g.,

quantum dots, fullerenes, and nanoshells, etc.), it appears that a thorough characterization of the

nanomaterial is essential to the interpretation and understanding of toxicity data collected from

in vitro and in vivo studies.

To summarize some of the ongoing discussions within CDER’s nanotechnology working

group, a list of questions has been put together regarding the characterization of nanomaterial-

containing products. At this time, it appears that there are no adequate answers to these questions.

However, it may be that in the future, to satisfy regulatory requirements for nanomaterial-

containing products, the questions listed below will need to be addressed by product sponsors.

1. What are the forms in which particles are presented to the organism, the cells and the

organelles? Are these particles soluble or insoluble, are the nanomaterials organic or

inorganic molecules, are the nanomaterials described as nanoemulsions, nanocrystal

colloid dispersions, liposomes, nanoparticles that are combination products (drug–

device, drug–biologic, drug–device–biologic), or something else? Does the product

fall within the currently established definition of nanotechnology?

2. What are the tools that can be used to characterize the properties of the nanoparticles?

Can standard tools that are used of other types of products (for example, spectroscopic

tools) be used to characterize nanomaterial-containing products, or do these products

require specialized tools that are not widely available for product characterization

(atomic force microscopy, tunneling electron microscopy, or other specialized modal-

ities)?

3. Are there validated assays to detect and quantify nanoparticles in the drug product and in

tissues?

4. How can long- and short-term stability of nanomaterials be assessed? Specifically, how

can the stability of nanomaterials be assessed in various environments (buffer, blood,

plasma, and tissues)?

5. What are the critical physical and chemical properties of nanomaterials in a drug product

and how do residual solvents, processing variables, impurities and excipients impact

these properties?

6. How do physical characteristics impact product quality and performance? Within what

range can these physical properties be modified without significantly affecting product

quality and performance?

7. What are the critical steps in the scale-up and manufacturing process for nanotechnology

products? How could manufacturing procedures for nanomaterials differ from those for

other types of drugs?

8. How are issues concerning the characterization and manufacturing procedures for nano-

technology products assessed, when considering the development of “personalized

therapies”? In this context, personalized therapies refer to those multifunctional products

that will be “custom made” for specific patients, depending on issues such as the

expression of a certain receptor on a tumor or the response of the tumor to a particular

chemotherapeutic agent. For these types of therapies, what should be the level of

characterization of the nanomaterials? Does the preclinical testing need to be repeated

for each modification of the multifunctional molecule, or can there be limited testing to
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q 2
cover certain aspects of the product behavior, such as the ADME, the toxicology (a

bridging study for the acute and/or repeat dose toxicology studies)? What aspects of

the chemistry, manufacturing and controls (CMC) studies need to be repeated and what

should be the extent of physical characterization?
8.7.2 SAFETY CONSIDERATIONS

Other than characterization, the other major consideration has to do with safety. However, it is only

within the context of adequately characterized products that safety studies provide value. There-

fore, although safety is instinctively the primary concern, adequate characterization of

nanomaterials has to precede any studies on safety.

As particle size decreases, there may be size-specific effects. These effects may impact safety if

the materials are more reactive. It has been mentioned in numerous discussions that, as particle size

decreases, reactivity is expected to rise. The increased reactivity combined with the decreased size

has led us to pose many questions. Some of these questions are listed below:

1. Will nanoparticles gain access to tissues and cells that normally would be bypassed by

larger particles?

2. If nanoparticles enter cells, what effects do they have on cellular and tissue functions?

Are the effects transient or permanent? Might there be different effects in different cell

types, depending on specific tissue targets or receptors?

3. Once nanoparticles enter tissues, how long do they remain there and where do they

concentrate?

4. What are the mechanisms by which nanoparticles are cleared from tissues and blood and

how can their clearance be measured?

5. What are some route-specific issues for nanomaterials, and how are these issues different

than for other types of materials that are not in the nanoscale?

6. With regards to ADME, specific questions include:

a. What are the differences in the ADME profile for nanoparticles versus larger particles

of the same drug?

b. Are current methods used for measuring drug levels in blood and tissues adequate for

assessing levels of nanoparticles (appropriateness of method, limits of detection)?

c. How accurate are mass balance studies, especially if the levels of drug administered

are very low; i.e., can 100% of the amount of the administered drug be accounted for?

d. How is clearance of targeted nanoparticles accurately assessed?

e. If nanoparticles concentrate in a particular tissue, how can clearance be accurately

determined?

f. Can nanoparticles be successfully labeled for ADME studies?
8.8 CONCLUSIONS

In this chapter, we have tried to highlight some of the steps being taken by the FDA to meet the

challenges of nanotechnology products. The FDA has engaged in an open discussion with numer-

ous groups and organizations, has participated in and sponsored workshops, has established internal

working groups, has outlined a path for the review of combination nanotechnology products and has

initiated research projects in nanotechnology. All these efforts have been geared towards a better

understanding of the science and towards assessing the adequacy of existing regulations for the

types of products that are expected to be regulated by the FDA.
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At this point, and based on internal discussions, the FDA feels that its current regulations are

adequate to address the types of nanotechnology products that are being developed as drugs or drug

delivery systems. The reasons for this have been outlined in this chapter. Although there have been

requests by investigators and developers of nanotechnology products for the FDA to issue nano-

technology-specific guidances, no new guidance documents applicable specifically to

nanotechnology products will be issued at this time. This is because it is felt that all existing

Guidance documents apply to these products. All products being developed, whether nanotech-

nology-based or not, are unique and therefore likely to have unique issues requiring consideration.

As such, and as for all other products reviewed by the FDA, nanotechnology products will be

reviewed on a case-by-case basis.

As shown in Figure 8.2, the drug development process is multiphasic and along the path, there

are numerous opportunities for meetings between the sponsor and the FDA. The first meeting is the

pre-IND meeting, and it is highly recommended that sponsors of nanotechnology products take the

opportunity to meet with the FDA at this early stage. An early meeting with the FDA can avoid

unnecessary or unfocussed studies that could result in a waste of sponsor resources. During early

meetings, sponsors can present, with minimal data, their preclinical plans to the FDA and obtain

guidance on how to focus the studies submitted in the IND package. This type of interaction

between the FDA and the sponsor will be valuable to both parties and will pave the way for the

most efficient drug development plan.
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FIGURE 8.2 This figure depicts the extensive industry–FDA interactions that occur during product develop-

ment, using the drug development process as a specific example.* Developers often meet with the agency

before submitting an investigational new drug (IND) application to discuss early development plans. An IND

must be filed and cleared by the FDA before human testing can commence in the United States. During the

clinical phase, there are ongoing submissions of new protocols and results of testing. Developers often request

additional meetings to get FDA agreement on the methods proposed for evaluation of safety or efficacy, and

also on manufacturing issues. *Note: Clinical drug development is conventionally divided into three phases.

This is not the case for medical device development. (From www.fda.gov/oc/initiatives/criticalpath/white-

paper.html.)
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8.9 TRADEMARK LISTING

1. Magnevistw (Schering Aktiengesellschaft, Berlin, Germany)

2. Feridexw (Advanced Magnetics, Inc., Cambridge, Massachusetts, U.S.A.)

3. Rapamunew (Wyeth, Madison, New Jersey, U.S.A.)

4. Emendw (Merck & CO., Inc., Whitehouse Station, New Jersey, U.S.A.)

5. Doxilw (Ortho Biotech Products, L.P., Bridgewater, New Jersey, U.S.A.)

6. Abraxanew (American Pharmaceutical Partners, Inc., Schaumburg, Illinois, U.S.A.)

7. SilvaGardw (AcryMed, Beaverton, Oregon, U.S.A.)

8. AmBisomew (Gilead Sciences, Inc., Foster City, California, U.S.A.)

9. Leunessew (Nanotherapeutics, Inc., Alachua, Florida, U.S.A.)

10. VivaGelw (Starpharma Holdings, Ltd., Melbourne, Australia)

11. Combidexw (Advanced Magnetics, Inc., Cambridge, Massachusetts, U.S.A.)

12. Cremophorw (BASF Aktiengesellschaft, CO., Ludwigshafen, Germany)

13. Starburstw (Dendritic Nanotechnologies, Inc., Mount Pleasant, Michigan, U.S.A.)
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9.1 INTRODUCTION

Despite significant progress in the surgical treatment, radiotherapy, and chemotherapy of solid

tumors (e.g., breast, colon, lung, and prostate), too few patients survive long term. This critical

unmet need has been the long term focus of a wide range of therapies directed at the malignant

cancer cell phenotype, its dysfunctional apoptotic signaling pathways, and survival adaptations. To

enhance drug effectiveness and decrease non-specific toxicities, many of these agents have been

designed to specifically target tumor cell antigens, receptors, and tumor microenvironmental

markers.

In contrast to direct targeting of specific tumor cell markers, targeting endothelial cells

supporting tumor angiogenesis provides an alternative, broadly applicable method for cancer

diagnosis and therapy.1–5 All growing tumors require an augmented blood supply, so angiogenesis

is a critical common denominator for therapeutic attack. Two distinct types of vessel targeted

therapies have evolved.6 The first general group, the anti-angiogenic agents, inhibit tumor-

induced neovascularization by preventing proliferation, migration, and differentiation of
159
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endothelial cells.7–9 Anti-angiogenic drugs have been carried through substantial development to

clinical trials.7,10–12 Bevacuzimab (Avastin), an anti-vascular endothelial growth factor (VEGF)

monoclonal antibody, has been approved for the treatment of colorectal cancer.13 The second type,

the antivascular agents, cause rapid and selective occlusion of existing tumor blood vessels, leading

to tumor ischemia and extensive hemorrhagic necrosis.5,14,15 Although still in preclinical develop-

ment, antivascular-targeted therapeutics produce a characteristic pattern of necrosis after

administration to mice and rats with solid tumors.16,17 They cause a widespread central necrosis

that can extend to as much as 95% of the tumor.16–18

Indeed, over the past 5–10 years, there has been a rapid development of small molecular

therapies directed against neovascular angiogenesis. These molecules are typically smaller than

2 kDa and show very low to absent immunogenicity, high target affinity, rapid targeting, and fast

blood clearance. Small molecular agents have been directed at a number of angiogenesis-related

targets and have been coupled to moieties to support scintigraphic, optical, and magnetic reso-

nance imaging (MRI).19,20 Other modifications have supported delivery of drugs, tumor enzyme-

cleaved prodrugs, and therapeutic radionuclides.21 This rich foundation provides the infra-

structure upon which polymer-based conjugates have allowed further strides. Well-designed

polymer conjugates demonstrate improved pharmacokinetics with prolonged blood residence,

lower non-specific tissue penetration, and increased passive tumor localization because of

enhanced permeability, and retention; i.e., the EPR effect.22 Polymer conjugates bearing

targeting ligands often demonstrate high tumor affinity via multivalent interactions.23 Relative

to smaller molecular platforms, they can also carry higher diagnostic and therapeutic agent

payloads (Figure 9.1).
Biological Payload (Diagnostic or Therapeutic)

(a)

(c)

(b)

FIGURE 9.1 Schematic of angiogenesis-targeted conjugates. (a) Conjugate of cyclic RGD peptide with a

therapeutic or a diagnostic agent. Chemotherapeutic or antiangiogenic drugs can be linked via biodegradable

linkers, whereas imaging agents or radionuclides are generally attached via non-biodegradable linkers. (b)

Particulate systems such as liposomes and nanoparticles are conjugated to cyclic RGD peptides via a non-

biodegradable linker, and the therapeutic or diagnostic agents are encapsulated. (c) Polymeric conjugates have

cyclic RGD peptides linked onto the side chains via non-biodegradable linker, whereas biodegradable linkers

can be used for drugs and non-biodegradable linkers for imaging agents or radionuclides.
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Recent advances provide a clear indication that polyvalent, moderate molecular weight ligand-

polymer conjugates will provide the platform to target angiogenesis and deliver a broad range of

effective therapies. This chapter presents an overview of tumor angiogenesis, strategies for

targeting angiogenic vasculature, and current developments in angiogenesis-targeted polymeric

conjugates for diagnosis and therapy.
9.2 TUMOR ANGIOGENESIS

For tumors to grow and metastasize, they must secure an expanded blood supply by taking over

existing blood vessels and promoting angiogenesis, i.e., the sprouting of new blood vessels from

existing vessels.2,3 Except in wound healing or in the female reproductive tissues, only 0.01% of

normal endothelial cells are involved in angiogenesis.24,25 In contrast, angiogenesis is both essen-

tial for tumor growth beyond 1–2 mm size and is highly specific for neoplasia.26,27 Indeed, a highly

significant statistical correlation has been shown between microvessel density and clinical stage,

histopathology stage, and disease-specific survival.28,29

The induction of angiogenesis—the angiogenic switch—is an important early event in tumor

progression and propagation.30,31 The switch to an angiogenic phenotype is tightly regulated by a

balance between endogenous anti-angiogenic32–34 and pro-angiogenic35,36 molecules. Studies in

transgenic mice suggest that the switch occurs early in tumor development as a response to local

stresses such as hypoxia and low pH.37,38 Hypoxia increases levels of hypoxia-inducible factors

(HIF) in tumor cells and in surrounding stromal cells. HIF then promotes the transcription of genes

for VEGF and several other pro-angiogenic factors.38,39

During normal angiogenesis such as during reproduction, development, and wound healing,

new vessels rapidly mature and stabilize.2,4 By contrast, tumor blood vessels often fail to

mature and are characterized by structures that are leaky, tortuous, and irregular in shape.40

The high levels of growth factors within a tumor support a continual state of vascular growth,

regression, and regrowth. Many lack functional pericytes and are exceptionally permeable

because of the presence of fenestrae, transcellular holes, and a lack of a complete basement

membrane.40–44 These ultrastructural changes lead to substantial leaks of tissue fluids into the

tumor microenvironment and increased interstitial fluid pressure (IFP). Tumor IFP begins to

increase as soon as the host vessels become leaky in response to angiogenic molecules such as

VEGF. The importance of this transvascular flux is compounded by the impaired lymphatic

system characteristic of cancer tissues. Hence, hyperpermeable angiogenic tumor vessels allow

preferential extravasation of circulating macromolecules, and once in the interstitium, they are

retained there by a lack of intratumoral lymphatic drainage. This enhanced permeability and

retention (EPR) effect22 results in intratumoral penetration and retention of macromolecules. It

is one important factor explaining the delivery of macromolecular anti-cancer agents to the

tumor microenvironment.

In addition to the angiogenic factors that enhance the passive delivery of macromolecules via

the EPR effect, angiogenic tumor vessels also display a variety of markers (Table 9.1) that can be

the focus of active molecular targeting. These markers provide several targeting advantages

relative to direct targeting of tumor cell.45,46 First, endothelial cells are immediately accessible

to intravenously delivered ligands. In contrast, the increased interstitial pressure associated with

the tumor microenvironment can limit the access of macromolecular agents to tumor-associated

targets. Second, endothelial cells are derived from normal, genetically stable host vessels. Hence,

they present a target with characteristics that do not fluctuate unlike the genomic instability of

most cancer tissues. Third, because large numbers of tumor cells rely on each blood vessel, anti-

tumor effects will be amplified by vascular bed injury. Endothelial cell damage leads to vascular

coagulation and downstream hypoxic death of approximately 100-fold more cancer cells. Fourth,

endothelial targets are common to all solid tumors, whereas most other tumor cell associated

markers are cancer phenotype specific.
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TABLE 9.1
Some Ligands and Their Target Receptors with Potential for Targeted Delivery to Tumor

Angiogenesis

Target Targeting Liganda Reference

aVb3 integrin RGD 53

Aminopeptidase N (CD13) NGR 54

Vascular endothelial growth factor Anti-VEGF antibody (Bevacizumab) 13

aVb3 integrin Anti-aVb3 integrin antibody (Vitaxin) 193

MMP-2 and MMP-9 HWGF 73

Aminopeptidase A CPRECESIC 67

Cell surface nucleolin F3 (N-terminal fragment of human high

mobility group protein 2)

194, 195

Heparan sulfates CGKRK, CDTRL 196

Unknown SMSIARL 197

Kallikrein-9 CSRPRRSEC 196

Platelet-derived growth factor receptor-b CRGRRST 198

a Single amino acid codes for peptides (see list of abbreviations at end of chapter for details).
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9.3 ANGIOGENESIS MARKERS

A relatively large number of endothelial cell surface proteins, ligands, and receptors can distinguish

tumor angiogenic vessels from normal vasculature (Table 9.1). These markers on tumor endothelial

cells have been identified by in vitro techniques (e.g., protein electrophoresis, mRNA-based serial

analysis of gene expression, microarray analysis)47 and in vivo techniques (e.g., biopanning of

phage display libraries).48,49 Many of these targets are the subject of reviews by Ruoshlathi and

others.43,44,47,50

The identification of angiogenesis markers has spurred the development of technologies to

enhance early cancer diagnosis, therapy planning, and therapeutic intervention. The development

of diagnostic agents is mainly focused in the areas of nuclear scintigraphy, MRI, and near-infrared

(NIR) imaging using matrix metalloproteinase (MMP) inhibitors and aVb3 integrin antagonists

(Table 9.2).19,20,51,52 Tumor vascular targeting peptides have been used to deliver chemotherapy

(Table 9.3) given that they selectively target tumor angiogenesis53,54 and are internalized once

bound to cell surface receptors.55,56 The most important classes of angiogenic targets and pertinent

imaging and therapy studies are briefly discussed below.

9.3.1 VEGF AND VEGF RECEPTORS

VEGF has become one of the most important targets for antivascular therapy. It is an endothelial

cell-specific mitogen that is a potent inducer of angiogenesis. It stimulates endothelial cell growth

and acts through a family of closely related receptor tyrosine kinases, the most important of which

is VEGFR-2.36,57,58 VEGF receptor inhibitors have been shown to have anti-tumor effects.59,60 The

most clinically developed is a humanized anti-VEGF antibody (Bevacizumab) that has been

approved by the U.S. Food and Drug Administration as a first-line therapy for metastatic colorectal

cancer.13

9.3.2 AMINOPEPTIDASES

Aminopeptidase N (APN) (also known as CD13) is a membrane, spanning 140 kD cell surface

protein61 that plays a role in tumor invasion.62,63 APN has been successfully targeted using peptides
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TABLE 9.2
Conjugates for Angiogenesis Targeted Imaging

Compound Label Target Tumor Model Reference

Nuclear imaging

C(RGDfY) I-125 aVb3 integrin Murine osteosarcoma 117

Gluco-RGD I-125 aVb3 integrin M21 human melanoma 120

Galacto-RGD F-18 aVb3 integrin M21 human melanoma 121

c(RGDf(N-Me)V) F-18 aVb3 integrin DLD-1 human colon

adenocarcinoma

199

DOTA-c(RGDyK) Cu-64 aVb3 integrin MDA-MB-435 human

mammary carcinoma

118

HYNIC-RGD4C Tc-99m aVb3 integrin Human renal adenocarcinoma 200

FB-c(RGDyK)2 F-18 aVb3 integrin U87MG human glioblastoma 136

DOTA-c(RGDyK)2 Cu-64 aVb3 integrin MDA-MB-435 human

mammary carcinoma

135

HYNIC-E-c(RGDfK)2 Tc-99m aVb3 integrin OVCAR-3 human ovarian

carcinoma

107

DOTA-E- c(RGDfK)2 In-111 aVb3 integrin OVCAR-3 human ovarian

carcinoma

107

DOTA-E{E- c(RGDfK)2}2 Cu-64 aVb3 integrin U87MG human glioblastoma 137

FB-PEG-c(RGDyK) F-18 aVb3 integrin U87MG human glioblastoma 140

DOTA-PEG-c(RGDyK) Cu-64 aVb3 integrin U87MG human glioblastoma 141

DOTA-PEG-E-c(RGDyK)2 Cu-64 aVb3 integrin Human female lung

adenocarcinoma

201

HPMA copolymer-RGD4C Tc-99m aVb3 integrin DU145 & PC-3 human prostate

carcinoma

23, 178

HPMA copolymer-RGDfK In-111 aVb3 integrin Murine lewis lung carcinoma 181

CGS27023A F-18 MMP Murine ehrlich breast tumor 85, 87

SAV03M F-18 MMP Murine ehrlich breast tumor 87

D-Tyr-HWGF I-125 MMP-2, MMP-9 Murine lewis lung carcinoma 83

DOTA-HWGF Cu-64 MMP-2, MMP-9 MDA-MB-435 human

mammary carcinoma

90, 91

Magnetic resonance imaging

Anti-aVb3 antibody (LM609)-

liposome

Gadolinium aVb3 integrin Rabbit V2 carcinoma 126

Anti-aVb3 antibody (DM101)-

nanoparticle

Gadolinium aVb3 integrin Rabbit corneal micropocket

model

127

aVb3 peptidomimetic antagonist-

nanoparticle

Gadolinium aVb3 integrin Rabbit V2 carcinoma 110

Optical imaging

Cy5.5-c(RGDyK) Cy5.5(NIR dye) aVb3 integrin U87MG human glioblastoma 111

Cy5.5- E- c(RGDyK)2 Cy5.5 aVb3 integrin U87MG human glioblastoma 129

Cy5.5-E{E- c(RGDfK)2}2 Cy5.5 aVb3 integrin U87MG human glioblastoma 129

Cy5.5-GPLGVRGK-PEG-PLL Cy5.5 MMP-2 HT1080 human fibrosarcoma 94

NIRQ820-GVPLSLTMGC-Cy5.5 Cy5.5 MMP-7 HT1080 human fibrosarcoma 97
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containing an Asn-Gly-Arg (NGR) motif.54 NGR peptides have been used to deliver chemothera-

peutic agents64 and pro-apoptotic peptides65 to tumor cells. In a murine breast carcinoma xenograft

model, a NGR-doxorubicin conjugate significantly decreased metastasis to lymph nodes and

substantially increased survival compared to free doxorubicin. In addition, the conjugates were

less toxic to the liver and heart as compared to the free drug.64
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Aminopeptidase A (APA) is a homodimeric membrane, spanning cell surface protein that is

upregulated in the pericytes of tumor blood vessels.66 Phage display studies have identified an APA

binding peptide (CPRECESIC) that inhibits enzymatic activity of APA, suppresses both migration

and proliferation of endothelial cells, and inhibits tumor growth.67
9.3.3 MATRIX METALLOPROTEINASES

MMPs are a family of over 21 zinc-dependent neutral endopeptidases that play an important role in

tumor angiogenesis, tissue remodeling, and cell migration.68–70 The two most important MMPs in

cancer progression are MMP-2 (gelatinase A) and MMP-9 (gelatinase B).71,72 In cancer, levels of

these MMPs are abnormally elevated, enabling cancer cells to degrade the extracellular matrix

(ECM), invade the vascular basement membrane, and metastasize to distant sites.70

MMP targeting for tumor imaging or therapy can be achieved using small molecule inhibitors

of MMPs, peptide sequences that target MMP, tissue inhibitors of MMPs, and MMP peptide

substrates that are cleaved at the tumor site. For example, cyclic peptides containing a HWGF

motif can specifically inhibit MMP-2 and MMP-9 activities and prevent both tumor growth and

metastasis.73 Several small molecule MMP inhibitors such as the sulfonamide–hydroxamate

compound CGS 27023A are currently in clinical trials.69,74–76

The protease functionality of MMP provides additional opportunities useful in enzyme prodrug

therapy (Table 9.3). For example, drugs such as doxorubicin, auristatins, and duocarmycin may be

conjugated to an acetyl-PLGL peptide sequence, MMP substrate, such that when incubated with

MMP-2 or MMP-9, cleavage at the GL bond liberates a leucyl drug. Kline et al. showed that such a

strategy produced no other cleavage intermediates and that proteolysis products were equipotent

with the parent drugs.77

MMP-substrate-doxorubicin conjugates are found to be preferentially metabolized in murine

fibrosarcoma xenografts relative to plasma and cardiac tissues.78 There was a 10-fold increase in
TABLE 9.3
Conjugates for Angiogenesis Targeted Drug Delivery

Compound Drug Target Tumor Model Reference

NGR-doxorubicin Doxorubicin Aminopeptidase N MDA-MB-435 human mammary

carcinoma

64

mPEG-GPLGV-

doxorubicin

Doxorubicin MMP-2, MMP-9 Murine lewis lung carcinoma 79

Albumin- GPLGIAGQ-

doxorubicin

Doxorubicin MMP-2, MMP-9 A375 human melanoma 82

PLGL-doxorubicin Doxorubicin MMP-2, MMP-9 HT1080 human fibrosarcoma 78

RGD4C-doxorubicin Doxorubicin aVb3 integrin MDA-MB-435 human mammary

carcinoma

64

RGD4C-doxorubicin Doxorubicin aVb3 integrin MH134 murine hepatoma 132

RGD4C-AFK-doxorubicin Doxorubicin aVb3 integrin HT1080 human fibrosarcoma 130, 131

E-c(RGDyK)2-paclitaxel Paclitaxel aVb3 integrin MDA-MB-435 human mammary

carcinoma

202

PTK787-albumin-PEG-

c(RGDfK)

PTK787 (kinase

inhibitor)

aVb3 integrin Human umbilical vein endothelial cells 21

c(RGDfC)-PEG-liposomes 5-FU aVb3 integrin Murine B16F10 melanoma 185

RGD-PEG-liposomes Doxorubicin aVb3 integrin Murine B16F10 melanoma 203

c(RGDfC)-PEG-

nanoparticles

Doxorubicin aVb3 integrin Cl-66 murine metastatic mammary

tumor carcinoma

186

q 2006 by Taylor & Francis Group, LLC



Polymeric Conjugates for Angiogenesis-Targeted Tumor Imaging and Therapy 165
doxorubicin tumor-to-heart ratio and a greater effectiveness than free doxorubicin at reducing

tumor growth. In particular, the conjugate cured 8 of 10 mice at levels below the maximum

tolerated dose, whereas doxorubicin cured 2 of 20 mice at its maximum tolerated dose. Further-

more, mice treated with the conjugate had no detectable change in body weight or circulating

reticulocytes.78

Other studies have focused on molecular modifications to modify in vivo biodistribution

kinetics. For example, MMP substrate peptide–doxorubicin conjugates have been coupled to poly-

ethylene glycol (PEG) to increase blood circulation time and to reduce non-specific cytotoxicity.79

The anti-cancer drug conjugate, mPEG–GPLGV–DOX, was synthesized by conjugating doxoru-

bicin with GPLGV peptide (a substrate for MMP-2 and MMP-9) and PEG methyl ether (mPEG).

In vivo experiments showed that a 50 mg/kg dose of mPEG–GPLGV–DOX had similar therapeutic

effectiveness as a 10 mg/kg dose of doxorubicin, but it was associated with lower toxicity and

prolonged life span relative to free drug.79

An interesting strategy to deliver drug therapy by EPR was investigated using a maleimide–

doxorubicin conjugate of an octapeptide MMP substrate (GPLGIAGQ).80 The water-soluble

substrate was designed to form an in situ complex with an albumin thiol (cysteine-34).81 The

conjugate was efficiently cleaved by activated MMP-2 and MMP-9, liberating a doxorubicin

tetrapeptide that showed antiproliferative activity in vitro in a murine renal cell carcinoma.

When tested in a murine model of a human melanoma xenograft, the doxorubicin–octapeptide

conjugate showed complete binding with albumin within 5 min and a 16 h stability half-life.82 The

maximum tolerated dose of the conjugate was 4-fold greater than free doxorubicin. Furthermore,

the conjugate showed superior anti-tumor effects as compared to free doxorubicin with duration of

remission for up to 40 days and almost a 4-fold reduction in tumor size as compared to free

doxorubicin at the end of the 50 day trial period.

Although imaging MMP expression is a relatively new area of research, a number of radio-

labeled imaging agents have been tested in animal models (Table 9.2).19,20 I-125 labeled cyclic

decapeptides containing HWGF have shown relatively disappointing results in mice bearing Lewis

lung carcinoma.83 There was low to moderate uptake in tumor, significant tumor washout overtime,

high concentrations in the liver and kidney, and low metabolic stability of the iodo-tyrosine

complex.83 More promising results have been obtained with 18F and 11C labeled MMP inhibitors

developed for positron emission tomography (PET) imaging.84–86 In vitro studies showed no loss of

MMP inhibitory activity of the radiolabeled compound as compared to the parent compound.84,87

Dynamic microPET images of tumor-bearing mice showed substantially higher tumor uptake than

other background organs.88,89 The cyclic HWGF peptide has been conjugated with a 1,4,7,10-tetra-

azacylcododecane-N,N 0,N 00,N 000-tetraacetic acid (DOTA) chelate to enable 64Cu PET imaging.90,91

Studies of the 64Cu labeled peptide in a murine breast cancer model showed improved pharmaco-

kinetics, tumor accumulation, and metabolic stability relative to a comparable 125I

radiolabeled peptide.
111In-diethylenetriaminepentaacetic acid (DTPA)-N-TIMP-2, a radiolabeled high affinity

endogenous tissue inhibitor of MMP, has been found to have similar activity as unmodified

N-TIMP-2.92 Unfortunately, 111In-DTPA-N-TIMP-2 yielded disappointing results with insignifi-

cant tumor uptake in clinical studies in patients with Kaposi’s sarcoma.93

Optical imaging methods to assess MMP activity has been achieved using a NIR fluorescence

probe attached to a MMP-2 substrate.94–96 The MMP-2 imaging probe consists of three elements: a

quenched NIR fluorochrome (Cy5.5), a MMP-2 peptide substrate (GPLGVRGK), and a PEG-poly-

L-lysine (PEG–PLL) graft copolymer.94 The conjugate is designed such that the peptides are

cleaved by MMP-2 at the tumor site, resulting in several hundred percent increases in the NIR

fluorescence, allowing visualization of the MMP-2 in human fibrosarcoma tumor. Next MMP-2

inhibition was imaged after treatment with prinomastat where the treated tumor showed signi-

ficantly lower NIR signal as compared to the untreated tumors.94 A similar NIR fluorescence-

based probe has been designed for MMP-7 that is over expressed in colon, breast, and pancreatic
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cancer.97 In tumor extract containing MMP-7 in vitro, the fluorescence signal from the probe was

enhanced 7-fold after enzymatic degradation. This probe could also be used to image tumor-

associated enzyme activity and also inhibition of MMP-7 in vivo.
9.3.4 INTEGRINS

Integrins are a diverse group of heterodimeric cell surface receptors for ECM molecules.98,99 This

group consists of at least 25 integrins through the pairing 18 a and 8 b subunits. They mediate cell

adhesion,100 help in cell migration during metastasis,101 and regulate cell growth.102 aVb3, aVb5,

and a5b1 integrins are upregulated in angiogenic endothelial cells and are essential for angiogen-

esis.103–106

High affinity aVb3 (and aVb5) selective ligands containing the tripeptide Arg-Gly-Asp (RGD)

have been identified by phage display studies53 and have been used to deliver chemotherapeutic

agents,64 pro-apoptotic peptides,65 and radiotherapy107,108 to tumor tissues. RGD peptides and

RGD mimetics109 have been used to detect cancer when coupled to image contrast agents designed

for MRI,110 gamma scintigraphy,19 PET,19,51 and NIR fluorescence imaging.111

A large number of radiolabeled tracers based on the RGD tripeptide sequence have been

developed (Table 9.2).19,51,52 Structure activity relationship investigations of the cyclic pentapep-

tide, cyclo-(Arg1-Gly2-Asp3-D-Phe4-Val5),112–114 revealed that a hydrophobic amino acid in

position 4 is essential for high aVb3 affinity and that the amino acid in position 5 could be modified

without loss of activity.115 A tyrosine residue at position 4 or 5 provides a site to radio-iodinate the

peptide, and lysine residue introduced at position 5 enables 18F labeling.116,117 Besides radiohalo-

genation, cyclic RGD peptides can be labeled with radio-metals by introducing a lysine residue at

the terminal end of the peptide and conjugating that with a chelator such as DOTA,118 DTPA,119

hydrazinonicotinamide (HYNIC),107 or N-u-bis(2-pyridylmethyl)-L-lysine (DPK).23 Other radio-

metals such as yttrium-90 (90Y) may provide a means to deliver molecularly targeted radiotherapy.

For example, in a murine ovarian carcinoma xenograft model, a single injection of a 90Y labeled,

dimeric-RGD peptide-DOTA conjugate at its maximum tolerated dose (37 MBq) caused significant

tumor growth delay and increased median survival time.107

Unfortunately, many of these tracers are lipophilic and are both concentrated and excreted by

the liver.117 Non-tumor bearing organs that retain the tracers may receive an unacceptably high

radiation dose. To improve their pharmacokinetics, glucose or a galactose-based sugar amino acid

has been introduced into the pentapeptide architecture. The resulting iodo-gluco-RGD120 or [18F]-

galacto-RGD121,122 shows reduced concentration in the liver and increased accumulation in

tumor. In other attempts to improve pharmacokinetics, cyclic-RGD peptides have been conju-

gated to tetrapeptides of D-amino acids.123 The pharmacokinetics and tumor accumulation of the

resulting 18F labeled conjugates containing D-asparatic acid are found to be comparable to [18F]-

galacto-RGD.123

Non-invasive imaging of angiogenesis markers should be important, both in therapy planning

and in monitoring anti-angiogenic therapy. The first human images of aVb3 expression have been

obtained with [18F]-galacto-RGD in patients with malignant melanoma and sarcoma.124 These

biodistribution studies demonstrated highly favorable pharmacokinetic profiles with specific

receptor binding, rapid blood clearance primarily through the kidney, increasing tumor-to-back-

ground (T/B) ratios with time, and almost 4-fold higher tumor distribution volume as compared to

muscle.125 Tumor aVb3 expression was imaged with good contrast in most parts of the body

with the exception of the region near the urogenital tract, the tracer excretion route.

Detection of tumor angiogenesis by aVb3 targeted MRI has been achieved using liposomes or

nanoparticles encapsulating gadolinium ion that was derivatized with anti-aVb3 antibody

LM609,126 antibody DM101127 or RGD mimetics.110,128 This approach provided detailed images

of the tumor and delineation of the tumor from surrounding tissues, and it highlighted angiogenic
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vasculature. This enhanced detection of tumors may be helpful in directing therapeutic

interventions.

Several optical angiogenesis imaging methods using cyclic RGD peptides have been described.

One such method utilized a NIR dye Cy5.5 conjugated to RGD to visualize glioblastoma xenograft

in nude mice.111 The tumor could be visualized with high contrast to the background organs as early

as 30 min post-injection. This study showed the feasibility of in vivo optical imaging of aVb3

expressions. In a subsequent study, RGD mono-, di- and tetramer conjugated to Cy5.5 were

compared in a glioblastoma xenograft model.129 The tumor xenograft could be visualized with

all three probes 30 min post-injection. The tumor uptake was in the order tetramerOdimerO
monomer; however, the increase in the T/B ratios for the multimers was modest. For example,

the dimer and the tetramer showed lower tumor-to-kidney ratios than the monomer because of

higher net positive charge. Therefore, only modest enhancement of therapeutic index is possible by

multimerization of RGD peptides and further optimization of these probes is needed.

RGD-targeted prodrugs have been tested as a means to improve chemotherapy toxicity profiles

(Table 9.3). One strategy utilizes an enzymatically cleavable tripeptide sequence (D-Ala-Phe-Lys)

recognized by the tumor-associated protease, plasmin, as a linker between RGD4C and doxoru-

bicin.130 Upon incubation with plasmin in vitro, doxorubicin is released and regains its cytotoxicity

for endothelial and fibrosarcoma cells. Toxicity studies in BALB/c and nude mice showed signi-

ficantly higher weight loss and mortality for free doxorubicin relative to an equimolar dose of the

prodrug.131 Furthermore, in vivo evaluation in mouse breast cancer and human adenocarcinoma

models showed that prodrug anti-tumor efficacy was associated with strong inhibition of angiogen-

esis.131 A similar RGD4C-doxorubicin conjugate was tested in an aVb3 negative murine hepatoma

model and was found to have superior anti-tumor effectiveness as compared to free doxorubicin.132
9.3.4.1 RGD Multimers

As experience with RGD-targeted compounds has evolved, efforts to enhance effectiveness have

focused on improving tumor uptake and reducing non-specific localization in normal tissues. To

enhance tumor targeting, RGD multimers have been studied as means to increase receptor binding

affinity through polyvalency. A dimeric RGD peptide labeled with 111In,107 99mTc,133,134 64Cu,135

and 18F 136 have all shown higher receptor binding affinity and significantly higher tumor accumu-

lation than the RGD monomer. Similarly, tetrameric RGD peptides have shown almost 3-fold and

10-fold higher integrin affinity than the dimer and monomer, respectively.129,137 Biodistribution

studies in M21 melanoma xenograft-bearing mice indicated that tumor uptake and T/B ratios

increased as monomer!dimer!tetramer.138 However, more recent biodistribution studies in

human glioblastoma-bearing nude mice revealed that the higher tumor uptake of the tetramer as

compared to dimer was offset by increased liver and kidney uptake.129,137 This significantly

lowered the T/B ratios of the multimers, substantially reducing the therapeutic index.

To address the unfavorable pharmacokinetics of these cyclic peptides, investigators have

studied their conjugation to hydrophilic polymers such as PEG. A comparative biodistribution

study showed that free peptide had a more rapid tumor washout than a pegylated cyclic RGD

conjugate. In contrast, the PEG–RGD conjugate showed a gradual increase in both tumor accumu-

lation and tumor-to-blood ratios.139 Similarly, studies of 18F140 and 64Cu141 radiolabeled pegylated

RGD have yielded high quality microPET images of glioblastoma xenografts with higher T/B ratios

than the non-pegylated peptide.

As might be expected, studies combining multivalency and pegylation have shown significantly

improved tumor retention and tumor-to-normal tissue distribution ratios.142 The tumor uptake of

pegylated RGD multimers increased by about 3-fold from monomer to tetramer. Tetramer tumor-

to-liver ratios were 20- and 3-fold higher than the monomer and dimer, respectively.142
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9.4 POLYMERIC CONJUGATES FOR ANGIOGENESIS TARGETING

Polymeric conjugates have been used for targeted delivery of drugs to tumor sites143–146 because

the attachment of drugs to water soluble polymers increases their aqueous solubility, reduces side

effect, and overcomes multi-drug resistance; the large size of the conjugates increases the blood

half-life and significantly alters the drug properties and pharmacokinetics; the conjugates can be

tailor-made (i.e., side-chain content, molecular weight, charge, etc.) for specific targeting and

delivery needs; they can be designed to passively (EPR) or actively target tumor sites; and site-

specific drug release can be achieved by designing biodegradable spacers that can be enzymatically

cleaved or that are pH sensitive. These advantages have led to the development of a wide range of

polymer-anti-cancer drug conjugates, some of which are currently in clinical trials.145

N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers have shown promise as drug

carriers.144,145,147,148 HPMA copolymers have been employed to modify the in vivo biodistribution

of chemotherapeutic agents and enzymes. The advantages of HPMA copolymers over other water-

soluble polymers is that they can be tailor-made with simple chemical modifications to regulate

drug and targeting moiety content for biorecognition, internalization, or subcellular trafficking

depending on specific therapeutic needs (Figure 9.2).144,149,150 The overall molecular weight of

HPMA copolymers is determined by the polymerization conditions, particularly the concentration

of initiator and chain transfer agents.151 Various side chain moieties (isotope chelators, targeting

moieties, and drugs) (Figure 9.2) may be directly linked to the polymer chain via a biodegradable or

non-biodegradable spacer.143,144

Polymer-based delivery systems have been used as carriers for passive and active targeting of

drugs in the treatment of various diseases and as novel imaging agents.145,152 Without a specific

targeting ligand, moderate-sized (O30 kD) polymers can passively (via EPR) accumulate in tumor

tissues.22,153 The EPR effect has been used to deliver macromolecular bioactive agents to solid

tumors, including anti-angiogenic drugs.154,155

There are a number of important differences between small molecular weight drugs and

polymeric conjugates of these small molecules. The advantage of polymer-based delivery
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FIGURE 9.2 Structure of water-soluble HPMA copolymers for angiogenesis targeted delivery of radio-

nuclides for imaging and therapy. The conjugate can contain side-chains of different chelating comonomers

for a wide range of radionuclides for use as a single agent for both diagnosis and therapy. 1-HPMA, 2-MA-Tyr,

3-MA-GG-RGD4C, 4-MA-GG-DPK, and 5-APMA-CHX-A 00-DTPA (see list of abbreviations for details).

(From Mitra, A., et al., Nucl. Med Biol., 33, 43, 2006. With permission.)
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systems stem from decreased extravasation in normal tissues because of the large molecular weight

of the conjugates.156 Low extravasation of polymer conjugates in normal tissues generally results in

reduced systemic toxicity. In this regard, the predominant liver117 and kidney120 uptake of small

RGD peptides has been identified as a significant disadvantage of targeting tumor angiogenesis with

small peptides.

The polymeric backbone may also provide a platform to support multivalent targeting ligands

(Figure 9.1). As previously discussed, conjugation of a targeting peptide onto a polymer backbone

significantly enhances the tumor to normal tissue uptake in comparison to the peptide itself. This is

likely attributable to an increased target affinity because of the multivalency of the targeting moiety

on the polymer backbone,157 a combination of active targeting and passive EPR effect of the

macromolecular conjugate,158 and a decreased extravasation in normal tissues as a result of the

large molecular weight of the conjugates.156

The strategy of targeting the tumor angiogenic endothelium using polymeric conjugates is

particularly attractive where angiogenesis inhibitors show substantial toxicity at the effective

dose, e.g., the fumagillin analogue TNP-470 shows extreme neurotoxicity at this level.159 Conju-

gation of TNP-470 to a water-soluble polymer via an enzymatically degradable spacer allows

passive localization and drug release at the tumor site and prevents blood–brain barrier

penetration.154
9.4.1 POLYMER-BASED ANTI-ANGIOGENIC GENE THERAPY

Anti-angiogenic gene therapy strategies against several human tumors have shown encouraging

results in animal models.160,161 A number of strategies to deliver therapeutic genes to angiogenic

endothelial cells using RGD guided viral162,163 and non-viral systems (cationic polymers,164

cationic lipids,165 and cationic peptides166) have been investigated. The cationic polymer poly-

ethylenimine (PEI) has been extensively used as a non-viral gene carrier.167 PEI has also been

investigated as an RGD guided transfection system for angiogenic endothelial cells (Table 9.4).

Broadly, these systems can be divided into two classes: those that are direct conjugates of

PEI–RGD168,169 and those where RGD is conjugated onto PEI via a hydrophilic PEG spacer

(PEI–PEG–RGD).164,168,170–172 Because of their reduced non-specific interaction with normal

tissues, the charge-shielded pegylated systems have shown more efficient targeting and gene

transfection.171,172

The PEI–PEG–RGD conjugate architecture has been used to deliver siRNA as a means to

inhibit VEGFR-2 expression.170 Specific tumor accumulation was observed in a murine neuroblas-

toma model, and there was lower non-specific uptake in lung and liver as compared to aqueous

siRNA and non-targeted conjugate. With a 40 mg treatment dose repeated every three days, there
TABLE 9.4
Conjugates for Angiogenesis Targeted Gene Therapy

Compound Gene Target Tumor Model Reference

c(RGD)-PEG-PEI siRNA aVb3 integrin N2A neuroblastoma 170

RGD4C-PEG-PEI sFlt-1 aVb3 integrin Human skin capillary endothelial cells 164

Pronectin FCw LacZ aVb3 integrin Murine meth-AR-1 fibrosarcoma 173

RGDC-PEG-PEI Luciferase aVb3 integrin Mewo human melanoma 168

RGD-PEI Plasmid DNA aVb3 integrin Human cervical carcinoma 169

RGD-PEG-PEI DNA aVb3 integrin Not reported 172

RGD-lipid nanoparticles Raf-1 aVb3 integrin CT26 human colon carcinoma 165

RGD4C-PEG-cholesterol liposome CAT aVb3 integrin PO2 human colon carcinoma 204
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was significant inhibition of tumor angiogenesis, reduced tumor growth rate, and a marked

reduction of peritumoral vascularization.170 In another study, Kim et al. reported an anti-angiogen-

esis strategy to block VEGF receptor function and thereby inhibit endothelial cell proliferation.164

The authors conjugated PEI–PEG–RGD and a sFlt-1 gene that encoded a soluble fragment of Flt-1

(VEGF receptor antagonist) and found that this non-viral gene delivery system enabled stable

expression of sFlt-1 by endothelial cells. The expressed soluble Flt-1 fragment, coupled to exogen-

ous VEGF, blocked Flt-1 receptor binding and inhibited cultured endothelial cell proliferation.164

Using another approach, Hosseinkhani and Tabata investigated the feasibility of tumor targeting

using a non-viral gene carrier synthesized from a genetically engineered silk-like polymer

containing repeated RGD sequences(Pronectin FC).173 When cationized, Pronectin FC-plasmid

DNA complexes with or without pegylation were intravenously injected into mice carrying a

subcutaneous Meth-AR-1 fibrosarcoma mass, and the level of gene expression in the tumor was

significantly higher for the PEG–DNA complex relative to non-pegylated complexes and free

plasmid DNA.

Although anti-angiogenic gene therapy is still in its infancy, the studies beginning to appear in

the literature suggest the prospects of development of new polymer-based gene delivery systems

with improved transfection efficiency and reduced toxicity. It appears that many of the targeting and

biodistribution lessons learned in studies of polymer-based drug delivery to sites of angiogenesis

may be applied to enhance the success of polymer based gene delivery as well.

9.4.2 POLYMER-BASED NUCLEAR IMAGING AND RADIOTHERAPY

With the appropriate delivery system, radioisotopes have a significant advantage over other therapy

agents, namely, the emission of energy that can kill at a distance from the point of radioisotope

localization. This diameter of effectiveness helps to overcome the problem of tumor heterogeneity

because, unlike other molecular therapy (cell toxins, chemotherapy, etc.), not all tumor cells need to

take up the radioisotope to eradicate a tumor. There are also physical characteristics (type of

particle emission, emission energy, half-life) of different radioisotopes that may be selected to

enhance therapeutic effectiveness.174 For example, different isotopes deliver beta particulate ion-

ization over millimeters (131I) to centimeters (90Y). Long-lived isotopes such as 131I that remain

within the tumor target may provide extended radiation exposure and high radiation dose,

especially if there is progressive renal clearance and high target to non-target ratios.

RGD peptides labeled with therapeutically relevant isotopes such as b-particle emitters have

been investigated as potential angiogenesis targeted radiotherapy (Table 9.5). The chelation con-

ditions for 90Y and lutetium-177 (177Lu) labeled RGD have revealed that time, temperature, pH,

presence of trace metal contaminants, and stoichiometric ratio of chelator to isotope all have

significant effects on the rate of chelation and radiolabeling efficiency.175 A major challenge in

development of therapeutic radiopharmaceuticals is radiolytic degradation of radiolabeled products

because of production of free radicals in the presence of a large amount of high energy

b-particles.176 A study on the stability of 90Y labeled, dimeric RGD peptide showed that presence
TABLE 9.5
Conjugates for Angiogenesis Targeted Radiotherapy

Compound Radiolabel Target Tumor Model Reference

DOTA-E- c(RGDfK)2 Y-90 aVb3 integrin OVCAR-3 human ovarian carcinoma 107, 205

DTPA- Tyr3-octreotate-c(RGDyD) In-111 aVb3 integrin CA20948 & AR42J rat

pancreatic tumor

206,207

HPMA copolymer-RGD4C Y-90 aVb3 integrin DU145 human prostate carcinoma 108
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of free radical scavengers such as gentisic acid (GA) and ascorbic acid (AA), together with storage

at low temperature (K788C), stabilized the labeled compound for at least two half-lives of 90Y,

even at a high specific activity.177

To develop an HPMA copolymer, RGD-based targeted angiogenesis imaging and therapy

agent, the biodistribution and tumor accumulation of HPMA copolymer-RGD4C conjugate as

compared to a control conjugate containing the tripeptide Arg-Gly-Glu (HPMA copolymer-

RGE4C conjugate) has been studied.178 Figure 9.3 shows the scintigraphic image of SCID mice

bearing prostate tumor xenografts 24 h post-injection of the conjugates. The HPMA copolymer-

RGD4C conjugate shows greater tumor accumulation than the control. The tumor uptake of HPMA

copolymer-RGD4C conjugate (4.6G1.8% injected dose/g) at 24 h post-injection was significantly

higher than the control (1.2G0.1%). A time-dependent biodistribution study showed sustained

tumor accumulation of HPMA copolymer-RGD4C conjugate, efficient background clearance,

and increasing T/B ratios over time. High T/B increases both tumor detection and therapeutic

ratio.178 Another advantage of using a polymeric conjugate of RGD was highlighted by comparing

the biodistributions of HPMA copolymer-RGD4C conjugates and free RGD4C.23 Organ distri-

bution data in two murine xenograft human prostate models indicated higher tumor accumulation

and lower extravasation in normal tissues for HPMA copolymer conjugates compared to free

RGD4C peptides (Figure 9.4). Also, T/B was significantly higher for the macromolecular conju-

gate. These conjugates may be particularly advantageous for cancer radiotherapy because the

combination of polyvalent interaction and EPR effect would help to retain the conjugate in the

tumor, enhancing the radiation dose.108,158

The use of a water-soluble polymer (HPMA)-based conjugate of RGD peptide and the acyclic

chelator cyclohexyl-diethylenetriamine pentaacetic acid (CHX-A 00-DTPA) for angiogenesis

directed (90Y) radiotherapy has been studied.108 After intravenous injection in prostate carcinoma
(a) (b)

FIGURE 9.3 (See color insert following page 522.) Scintigraphic images of human prostate tumor-bearing

SCID mice 24 h post-intravenous injection of 99mTc labeled HPMA copolymer conjugates. HPMA copolymer-

RGD4C conjugate shows higher localization in tumor as compared to the control, HPMA copolymer-RGE4C

conjugate (solid arrow). Additional higher activity was found in the kidney (broken arrow). The mouse

radiograph (center) shows anatomic correlation of tumor and other organs. Figure legends: (a) HPMA copo-

lymer-RGD4C conjugates; (b) HPMA copolymer-RGE4C conjugates. (From Mitra, A., et al., J. Control.

Release, 102, 191, 2005. With permission.)
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FIGURE 9.4 Residual radioactivity in % injected dose per gram of organ tissue (%ID/g) 24 h post-intravenous

injection of 99mTc labeled HPMA copolymer conjugates and free peptides in (a) DU145 and (b) PC-3 prostate

tumor xenograft-bearing SCID mice. The HPMA copolymers showed significantly higher tumor accumulation

and reduced background localization than the peptides. The organ data are expressed as meanGSD (number of

animals/group is shown). (From Line, B. R., et al., J. Nucl. Med., 46, 1152, 2005. With permission.)
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xenograft bearing SCID mice, the tumor accumulation of the conjugate peaked at 72 h post-injection,

whereas the accumulation in other major organs significantly decreased during that period. A single

injection of the 90Y labeled conjugate at dose levels of 100 and 250 Ci caused significant reduction

of tumor volume as compared to the untreated control that was evident from day 7 post-injection

(Figure 9.5, top panel). Tumor histopathology showed cellular apoptosis in the treated groups,

whereas no signs of acute toxicity were observed in the kidney, liver, and spleen (Figure 9.5, bottom

panel).

The RGD4C peptide has a doubly cyclized structure containing two disulphide bonds that

affords high binding affinity and specificity for the aVb3 integrin.178,179 However, the solution

instability of the RGD4C disulphide bonds is a potential disadvantage that can lead to significant

reduction in aVb3 binding affinity.180 To overcome this problem, highly stable RGD peptides

having monocyclic structure with head-to-tail cyclization containing a D-amino acid, e.g.,

RGDfK or RGDyK, have been synthesized.117 These have high affinity for aVb3 and have been

used for delivery of imaging agents and therapeutics to tumor angiogenesis.19,21 The long term (up

to 192 h) biodistribution and tumor targeting properties of multivalent HPMA copolymer
q 2006 by Taylor & Francis Group, LLC
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FIGURE 9.5 (See color insert following page 522.) TOP PANEL: Effect of 90Y labeled HPMA copolymer-

RGD4C conjugate treatment on human prostate tumor (DU145) growth in SCID mice. Animal groups treated

with single dose of 100 mCi (p!0.03) and 250 mCi (p!0.01) 90Y-HPMA-RGD4C conjugate showed signi-

ficant tumor growth reduction as compared to the untreated controls by day seven post-treatment. Data are

presented as mean of tumor volume (cm3)GSD (nZ6 mice per group). Figure legends: untreated control

(closed square), 250 mCi of 90Y-HPMA copolymer-RGD4C conjugate (closed circle), and 100 mCi of 90Y-

HPMA copolymer-RGD4C conjugate (open triangle). BOTTOM PANEL: Histological analysis of kidney and

tumor samples at 21 days post-treatment following injection of 250 mCi 90Y labeled HPMA copolymer-

RGD4C conjugate or untreated control. Kidney samples taken from (a) control group and (b) 250 mCi treat-

ment group were similar and showed no radiation induced toxicity. There was a complete lack of evidence of

any tubular epithelial injury. Normal glomerular and proximal tubular anatomy was evident in both control and
90Y treated specimens. (c) The tumor sections from the control animals showed high grade epithelial malig-

nancy typical of DU145 xenografts. (d) Tumor samples from 250 mCi treatment animals showed large cellular

drop out areas (black arrow), higher numbers of eosinophilic cytoplasmic hyaline globular bodies (thanato-

somes, open arrow), and pronounced nuclear atypia (hatched arrow) indicative of treatment effect/induced cell

damage (From Mitra, A., et al., Nucl. Med. Biol., 33, 43, 2006. With permission.)
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conjugates of RGD4C and RGDfK peptides have been studied.181 Scintigraphic images and

necropsy organ counts (Figure 9.6) showed that tumor accumulation of both HPMA-RGD4C

and HPMA-RGDfK conjugates increased over time with peak accumulations at 4.9G0.9% (96 h

p.i.) and 5.0G1.2% (48 h p.i.) ID/g, respectively. In contrast, the background organ distribution
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FIGURE 9.6 (See color insert following page 522.) (a) Scintigraphic images of Lewis lung carcinoma-

bearing mice up to 192 h post-intravenous injection of 111In labeled copolymers. (1) HPMA copolymer-

RGD4C conjugate and (2) HPMA copolymer-RGDfK conjugate showed marked localization in tumor at

24 h p.i. and thereafter (solid arrow). The mouse radiograph shows anatomic correlation of tumor and other

organs. Biodistribution of (b) 111In-HPMA copolymer-RGD4C conjugate and (c) 111In-HPMA copolymer-

RGDfK conjugate. The organ activities, expressed as % injected dose per gram of organ tissue (%ID/g),

showed persistent tumor localization and clearance of activity from the background organs (From Mitra,

A., et al., J. Control. Release, 114, 175, 2006. With permission.)
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rapidly cleared over time, resulting in significant increase in T/B ratios. The radioactive dose to

organs as indicated by the area under curve was highest for the tumor. The polymer conjugates of

RGD4C or RGDfK provides a means to enhance tumor uptake, decrease background accumulation,

and enable selective delivery of therapeutic or diagnostic agents to tumor sites. Because both

HPMA-RGD4C and HPMA-RGDfK conjugates have similar tumor targeting abilities and pharma-

cokinetics, RGDfK can be a suitable ligand because of higher solution stability and easier synthetic

manipulation than the 12 amino-acid RGD4C.

These studies with HPMA copolymer-RGD conjugates demonstrate the feasibility and advan-

tages of using multivalent polymer-peptide conjugates. These conjugates show prolonged retention

at the tumor site and enhanced T/B ratios. This increased contrast at the tumor site will be necessary

for development of a clinically relevant diagnostic agent for therapy planning. Further, the

improved therapeutic index will be ideal for angiogenesis directed chemo- or radiotherapy.
9.5 SUMMARY AND FUTURE DIRECTIONS

There is a tremendous interest in targeted drug delivery to tumor vasculature given the genetic

stability and accessibility of angiogenesis markers and the importance of angiogenesis in tumor

growth and metastasis. A number of ligands targeting angiogenic markers have been identified, but

the major focus has been on targeting aVb3 integrins using RGD peptides.21 Many reports of

conjugating RGD ligands to a diverse group of macromolecular carrier systems have been

published. These include water-soluble polymers (e.g., PEG,139 N-(2-hydroxypropyl) methacryla-

mide,178 and polyethylenimine164), proteins,182,183 liposomes,184,185 and nanoparticles.165,186

With respect to future development, a broad range of angiogenesis targeting polymer conju-

gates can be envisioned. As additional vascular targets are identified by in vitro and in vivo

methods, angiogenesis targeting may become a critically important strategy for fighting neoplastic

as well as non-neoplastic diseases. The first successful human trials for imaging aVb3 integrins

using [18F]-galacto-RGD124,125 and the results of pre-clinical studies using macromolecular conju-

gates of RGD argue the validity of this concept.

It is expected that the biokinetics of copolymer-conjugates will be continuously improved by

tailoring the molecular weight187–190 and/or electronegative charge190,191 of the conjugates. This

flexibility in the design and synthesis of HPMA and other copolymer conjugates is likely to be

important in modifying the blood half-life or reducing non-specific accumulation in normal organs,

factors that should increase the conjugate therapeutic index. These may incorporate either enzy-

matically hydrolysable (e.g., tetrapeptide GFLG)143 or pH sensitive (e.g., hydrazone linker)192

linkers for intracellular drug release. In addition, they will likely demonstrate targeting ligand

multivalency to increase the tumor uptake and therapeutic efficacy.

It is also expected that there will be expanded use of therapeutic radionuclides to destroy

angiogenic vasculature and surrounding tumor cells. Because radioactive emissions can kill at a

distance from the point of radioisotope localization, they have a diameter of effectiveness that may

overcome the problem of tumor heterogeneity that has plagued other molecular therapies. In short,

the ever increasing interest in polymer-based therapeutics promises continued progress in angio-

genesis targeted, tumor imaging, and therapy.
9.6 LIST OF ABBREVIATIONS

AFK Ala-Phe-Lys

APA Aminopeptidase A

APMA-CHX-A 00-DTPA N-methacryloylaminopropyl-2-amino-3-(isothiourea-phenyl)-

propyl-cyclohexane-1,2-diamine-N,N-N 0,N 0,N 00,N 00-

pentaacetic acid
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APN Aminopeptidase N

BBB Blood–brain barrier

CAT Chloramphenicol acetyl transferase

CDTRL Cys-Asp-Thr-Arg-Leu

CGKRK Cys-Gly-Lys-Arg-Lys

CHX-A 00-DTPA Cyclohexyl–diethylenetriamine pentaacetic acid

CPRECESIC Cys-Pro-Arg-Glu-Cys-Glu-Ser-Ile-Cys

CRGRRST Cys-Arg-Gly-Arg-Arg-Ser-Thr

CSRPRRSEC Cys-Ser-Arg-Pro-Arg-Arg-Ser-Glu-Cys

DOTA 1,4,7,10-tetra-azacylcododecane-N,N 0,N 00,N 000-tetraacetic acid

DOX Doxorubicin

DPK N-u-bis(2-pyridylmethyl)-L-lysine

DTPA Diethylenetriaminepentaacetic acid

ECM Extracellular matrix

EPR Enhanced permeability and retention

FB Fluorobenzoyl

FDA Food and drug administration

FDG 2-Fluoro-2-deoxyglucose

5-Fu 5-Fluorouracil

GFLG Gly-Phe-Leu-Gly

GPLGV Gly-Pro-Leu-Gly-Val

GPLGIAGQ Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln

GPLGVRGK Gly-Pro-Leu-Gly-Val-Arg-Gly-Lys

GVPLSLTMGC Gly-Val-Pro-Leu-Ser-Leu-Thr-Met-Gly-Cys

HPMA N-(2-hydroxypropyl) methacrylamide

HWGF His-Trp-Gly-Phe

HYNIC Hydrazinonicotinamide

MA-GG-DPK N-methacryloylglycylglycyl-(N-u-bis(2-pyridylmethyl)-L-lysine)

MA-GG-RGD4C N-methacryloylglycylglycyl-RGD4C

MA-Tyr N-methacryloyltyrosinamide

MBq Megabecquerel

mCi Millicurie

MMP Matrix metalloproteinases

MRI Magnetic resonance imaging

NGR Asn-Gly-Arg

NIR Near-infrared

PEG Polyethylene glycol

PEI Polyethylenimine

PET Positron emission tomography

PLGL Pro-Leu-Gly-Leu

PLL Poly-L-lysine

RGD Arg-Gly-Asp

RGE Arg-Gly-Glu

SCID Severe combined immunodeficient

SMSIARL Ser-Met-Ser-Ile-Ala-Arg-Leu

T/B Tumor-to-background

TIMP Tissue inhibitors of matrix metalloproteinases

VEGF Vascular endothelial growth factor
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10.1 INTRODUCTION

Most anti-cancer chemotherapeutic drugs used clinically are limited by a relatively low therapeutic

index, owing to toxic side effects.1–3 Over the past several decades, two strategies of improving the

therapeutic efficacy of anti-cancer agents have emerged. The first approach is the design and develop-

ment of agents that can modulate the molecular processes and pathways specifically associated with

tumor progression. The success of this approach is shown by the successful introduction of a new

breed of molecularly targeted anti-cancer agents such as imatinib mesylate (Gleevec), gefitinib

(Iressa), trastuzumab (Herceptin), and cetuximab (C225, Erbitux). Alternatively, existing

anti-cancer agents can be made more effective by using delivery systems that bring more drug

molecules to the tumor site when compared with conventional formulation while reducing exposure
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of normal tissues to the drug. In this context, there have been important milestones with the use of

polymer–drug conjugates in their own right. In particular, poly(L-glutamic acid) (PG)–paclitaxel

(TXL) (CT2103, XYOTAX) has advanced to phase III clinical trials, and PG–camptothecin (CPT)

(CT2106) has been tested in phase II clinical trials. The chemistry and applications of PG and its

conjugates with various chemotherapeutic agents were previously reviewed.1 In this chapter, the

applications of PG in the delivery of both chemotherapeutic and diagnostic agents will be updated.

The results of clinical studies of XYOTAX and CT2106 will also be summarized. Previous chapters

in this book discuss, in depth, the rationale for the use of polymeric conjugates as cancer therapeutics.
10.2 SYNTHESIS AND PROPERTIES OF PG

PG anti-cancer drug conjugates consist of three parts: the PG backbone, the anti-cancer drug, and

spacers that link the drug molecules with the PG backbone. Both the properties of PG (i.e., the

molecular weight and its distribution) and the selection of spacers can directly affect the pharma-

cokinetics at both the whole-body and cellular level. For this reason, the synthetic chemistry of the

preparation of PG will first be discussed. A summary of the physicochemical properties of PG

conjugates will follow.

10.2.1 CHEMISTRY

PG is usually prepared by removing the benzyl protecting group of poly(g-benzyl-L-glutamate) that

is attained by polymerization of g-benzyl-L-glutamate N-carboxyanhydride (NCA) monomer.4

Direct phosgenation of g-benzyl-L-glutamate produces the corresponding NCA monomer.5,6 In

this reaction, g-benzyl-L-glutamate is suspended in a dry inert solvent such as ethyl acetate,

dioxane, or tetrahydrofuran, and it is allowed to heterogeneously react with the cyclizing reagent

that is normally triphosgene. Researchers have used both the protic and aprotic initiators in the

polymerization of g-benzyl-L-glutamate NCA monomer.7 Protic initiators such as primary amines

are acylated by attack on the 5-position of the NCA, whereas aprotic initiators such as tertiary

amines and alkoxides act as general bases. The ring-opening polymerization of NCA initiated by

amines usually produces polymers with relatively broad molecular weight distributions. To circum-

vent this problem, Deming8 developed the zero-valence nickel catalyst bipyNi(COD) (bipy:

2,2 0-bipyridyl; COD: 1,5-cyclooctadiene) to initiate polymerization of NCAs. The active sites

derived with this initiator are less accessible to side reactions when compared with that derived

with amine initiators because of steric and electronic effects, resulting in polymers with a narrow

molecular weight distribution (Mw/Mn, 1.05–1.15).

Impurities in NCAs can have a detrimental effect on the reproducibility of polyamino acid

synthesis. NCAs are usually subjected to repeat recrystallization to eliminate trace amounts of

impurities. A recent report described an efficient method of removal of hydrogen chloride and the

hydrochloride salt of unreacted starting amino acids.9 This method consists of extraction of NCA

solution in ethyl acetate with water and an aqueous alkali solution at 08C. Using highly purified

monomer NCAs, Aliferis et al.10 were able to achieve living polymerization initiated with primary

amine initiators. This technique produced poly(g-benzyl-L-glutamate) with an average molecular

weight as high as 1.66!105 Da and with a relatively narrow molecular weight distribution (Mw/

Mn, 1.40).

The benzyl protecting group in poly(g-benzyl-L-glutamate) is removed by treatment with

hydrogen bromide. Researchers have also used alkaline hydrolysis of poly(L-methyl glutamate)

to prepare PG; however, racemization occurred during this process.11 To avoid using harsh con-

ditions for the removal of protecting groups, investigators have prepared glutamic acid NCAs

having ester protecting groups that are labile under mild acidic conditions. For example, PG can

be readily obtained from poly(g-piperonyl-L-glutamate) by treating the polymer with trifluoroacetic

acid.12
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PG-based block copolymers can be prepared using macroinitiators or polymer coupling reactions.

The block copolymer PG–vinylsulfone–polyethylene glycol (PEG) was prepared by directly reacting a

heterofunctional PEG, vinylsulfone–PEG–N-hydroxysuccinimide (NHS), with an amino group at one

end of the PG chain.13 Also, Nishiyama et al.14 used the macroinitiator PEG–NH2 to initiate poly-

merization of g-benzyl-L-glutamate NCA to produce a PEG–PG block copolymer.

Another polymer derived from poly(g-benzyl-L-glutamate) is poly(hydroxyethylglutamate)

(PHEG) that is also a suitable candidate drug carrier.15 PHEG is a water-soluble, neutral

polymer that can be readily prepared from poly(g-benzyl glutamate) via aminolysis with

2-aminoethanol using 2-hydroxypyridine as a catalyst.16

The linkage of polymer–drug conjugates is important to the in vivo release of a drug that should

be stable during circulation but should also allow drug release at an appropriate rate at the tumor

tissue.17 Generally, two kinds of linkage are involved in anti-cancer drug delivery by using

polymer–drug conjugates: enzymatic hydrolysis and nonenzymatic hydrolyzable linkage. Many

proteolytic enzymes such as cysteine proteinase cathepsins are expressed on the surface of meta-

static tumor cells.18,19 The linker chemistry can be designed in such a way that the active agents

would be released from the polymer–drug conjugates only upon exposure to the proteinases in the

tumors. Alternatively, hydrolytically labile, pH-sensitive linkages (i.e., hydrozone, ester, acetals,

etc.) have exhibited their utility for tumorotropic or lysosomotropic delivery because the micro-

environments of solid tumors are known to be acidic.20,21 PG–TXL conjugate releases TXL through

both mechanisms: backbone degradation mediated through proteolytic enzymes and side chain

hydrolysis of the ester bond formed between glutamic acid and TXL.

10.2.2 BIODEGRADATION AND BIODISTRIBUTION

The enzymatic degradability of PG–drug conjugates is influenced by their structure, composition,

and charge as well as the physicochemical properties of the drug attached to PG.22–25 PG is more

susceptible to lysosomal degradation than are poly(aspartic acid) and poly(D-glutamic acid).26

Cysteine proteases, particularly cathepsin B, play key roles in the lysosomal degradation of

PG.22,27 Although researchers have identified oligomeric glutamic acids as the primary degradation

products of PG,28 more recent results demonstrated that monomeric L-glutamic acid is produced in

the lysosomal degradation of PG.29 Degradation of the PG backbone may not necessarily lead to the

release of free drug in every case.

The biodistribution of PG and its drug conjugates depends on the molecular weight of PG.

Polymers with a molecular weight lower than the renal clearance threshold are rapidly removed

from the blood circulation by glomerular filtration. McCormick-Thomson and Duncan27 found that

the biodistribution of copolymers of glutamic acid and other hydrophobic amino acids was mark-

edly influenced by the composition of the copolymers. These results suggest that the biodistribution

of PG–drug conjugates is a function of the drugs used, the degree of modification, and the molecular

weight of PG.
10.3 PG-ANTI-CANCER DRUG CONJUGATES

Since doxorubicin (Adriamycin [ADR]) was conjugated with PG in the 1980s,30 investigators have

studied various anti-cancer drugs such as anthracyclines, antimetabolites, DNA-binding drugs,

TXL, and CPT. In particular, researchers have evaluated PG–TXL in phase III clinical trials and

PG–CPTin phase II clinical trials.

10.3.1 ANTHRACYCLINES

The anthracycline group has been one of the most extensively studied groups of drugs used in

polymer–drug conjugate delivery systems, especially in the 1980s. Based on the assumption that
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greater selectivity toward tumors over normal tissues can be achieved if PG–ADR conjugates only

degrade and release ADR after being endocytosed by tumor cells, Van Heeswijk and colleagues30

investigated three different PG conjugates containing ADR where the amine group in ADR was

bound to the side chain carboxyl groups of high-molecular-weight PG either directly (with an amide

bond) or indirectly through GlyGly and GlyGlyGlyLeu spacers, respectively. They investigated the

degradability of the conjugates mediated by lysosomal enzymes and the subsequent release of ADR

or ADR-peptide products with low molecular weights using reverse-phase high-performance liquid

chromatography. The total amount of ADR released after 77 h of incubation was 3.6% for PG-Gly-

GlyGlyLeu-ADR; 1.0% for PG-GlyGly-ADR; and 0.5% for PG–ADR, suggesting the importance

of introducing an enzymatically degradable spacer between PG and the drug. In vitro, these

conjugates exhibited reduced cytotoxicity against L1210 leukemia cells when compared with

free ADR. In vivo, animals treated with the polymer conjugate containing the tetrapeptide

spacer showed a similar mean survival duration as compared to those treated with free ADR,

whereas the conjugate without a peptide spacer was completely inactive.28,31

Some have used hydrolytically labile ester bonds32 and hydrozone bonds33 to couple doxor-

ubicin or daunorubicin (Dau) with PG. In these studies, the ester bond was formed by a reaction of

14-bromo-daunorubicin with the carboxylic group of PG via a nucleophilic substitution reaction in

an alkaline aqueous medium. With intravenous administration of these conjugates into mice

bearing MS-2 sarcoma or Gross’ leukemia, these investigators found that the drug conjugates’

potency and efficacy were correlated with the molecular weight of the carrier. For example,

anti-tumor activity improved when the molecular weight increased from 14,000 to 60,000 Da at

an equivalent doxorubicin dose of 30 mg/kg. These results can be attributed to the increased

circulation times of conjugates with high molecular weights. Condensing the methylketone in

Dau with hydrazide-derived PG yielded PG-hydrazone–Dau conjugates. The acid-sensitive conju-

gates were less cytotoxic than free Dau was in vitro against mouse lymphoma cells. However, these

conjugates showed significant anti-tumor activity when intravenously injected into mice bearing

intraperitoneally inoculated Yac lymphoma.33
10.3.2 ANTIMETABOLITES

To enhance the efficacy of 1-b-D-arabinofuranosylcytosine (ara-C) in simple dosage schedules,

researchers synthesized two ara-C conjugates with PG via an amide bond: one where ara-C is

directly coupled with the N-4 of ara-C to the carboxyl groups of PG and one where ara-C is linked

with PG via the aminoalkylphosphoryl side chain introduced at the C-5 0 of ara-C.34 Both conjugates

exhibited markedly decreased cytotoxicity in L1210 murine leukemia cells when compared with

free ara-C. However, the anti-tumor activity of both conjugates was greater than or equal to that of

free ara-C in mice bearing L1210 tumors after a single intraperitoneal injection of the conjugate.

The authors suggested that both slow cleavage of free ara-C from the conjugates and protection of

ara-C from deactivation by cytidine deaminase contributed to the enhanced anti-tumor activity of

PG–ara-C conjugates in vivo.
10.3.3 DNA-BINDING DRUGS

Investigators have conjugated several DNA-binding drugs, including cyclophosphamide,35

L-phenylalanine mustard (melphalan),36 mitomycin C (MMC),37–39 and cis-dichlorodiamminepla-

tinum (II) (cisplatin [CDDP])40,41 with PG. Moromoto et al.36 prepared PG–melphalan by coupling

the amine group of melphalan with the side-chain carboxyl group of PG in the presence of a water-

soluble carbodiimide.36 They investigated the anti-tumor activity of this conjugate in rats bearing

sarcoma induced by subcutaneous inoculation of sarcoma cells. The authors used PG–3H-phenyl-

alanine as a model compound to demonstrate that free drug could be released from the conjugate

and that the conjugate had a tendency to be absorbed through lymphatic routes when compared with
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free 3H-phenylalanine after subcutaneous administration.36 Roos et al.37 conjugated MMC with PG

by using the aziridine amine of MMC.37,38 They found that the release rate, in vitro cytotoxicity,

and in vivo anti-tumor activity of PG–MMC conjugates were influenced by the extent of MMC

substitution. Furthermore, Seymour et al.42 conjugated MMC with PHEG using an oligopeptide

spacer and investigated the effect of this oligopeptide structure on the rate of drug release to

optimize the MMC–oligopeptide–PHEG conjugates. The rate of MMC release from the conjugates

was affected by the structure of the oligopeptide spacer; spacers bearing a terminal Gly had the

fastest release of MMC when compared with other peptide spacers. Another study showed a

correlation between the in vitro cytotoxicity of PG–MMC conjugates against B16F10 melanoma

and C26 colorectal carcinoma cells and their hydrolytic stability.38 Significant in vivo activity of

the conjugates in mice bearing P338 leukemia or C26 colorectal carcinoma seems to result from

both the stability of the conjugates in the blood and the rapid drug release, owing to combined

chemical and enzymatic hydrolysis.

The clinical use of CDDP is limited by significantly toxic side effects such as acute nephro-

toxicity and chronic neurotoxicity and a low therapeutic index. To reduce its toxicity and to

maintain prolonged drug activity, investigators complexed CDDP with PG.40,41 They found that

PG–CDDP complex (60 mol CDDP/mol PG; molecular weight, 40,000 Da) was more thermo-

dynamically stable and has reduced systemic toxicity when compared with CDDP. PG–CDDP

was effective in suppressing the growth of OVCAR-3 human ovarian carcinoma in athymic

mice and showed a broader therapeutic dose range (80% survival at 3–12 mg/kg) when compared

with the narrow, inconsistent effective dose range of free CDDP (80% survival at 1.0–2.5 mg/kg),

suggesting that the therapeutic index of CDDP can be improved by complexing it with PG.
10.4 PG–TXL AND PG–CPT: FROM THE LABORATORY TO THE CLINIC

10.4.1 PG–TXL

Taxanes are a class of the widely used and clinically active cytotoxic agents that exert their action

by promoting tubulin polymerization and microtubule assembly.43 Because of its poor aqueous

solubility, use of TXL requires Cremophor and ethanol mixture as a vehicle, and it must be infused

over 3–24 h. The conjugate PG–TXL where TXL is attached to PG via ester bonds has demon-

strated significantly enhanced anti-tumor efficacy and improved safety when compared with TXL in

preclinical studies.44

The release of TXL from PG–TXL and the metabolism of PG–TXL in both in vitro and in vivo

models have been investigated.45 These studies showed that when PG–TXL was incubated in

buffered saline or plasma (mouse or human) for 24 h at 378C, less than 14% of the bound TXL

was released, suggesting that PG–TXL is relatively resistant to plasma esterase.

Tumor uptake of TXL and PG–TXL was compared using [3H]TXL and PG–[3H]TXL.46 When

free [3H]TXL was incubated with MDA-MB453 cells, [3H]TXL was taken up rapidly by the cells

and was followed by a rapid drug efflux process. In contrast, when the tumor cells were incubated

with PG–[3H]TXL, a slower uptake and more persistent retention of radioactivity was observed.

These data suggest that a fraction of PG–[3H]TXL was taken up by tumor cells, possibly through

pinocytosis, and that [3H]TXL was more readily pumped out of the cells than were the more

hydrophilic PG–[3H]TXL and its degradation products. A recent report confirmed monoglu-

tamyl-2 0-TXL and diglutamyl-2 0-TXL as the major intracellular metabolites of PG–TXL.47

Hydrolysis of these metabolites led to release of free TXL. Specific enzyme inhibitors such as

CA-074 methyl ester, a cell-permeable irreversible inhibitor of cathepsin B, and EST, a cell-

permeable irreversible inhibitor of cysteine protease, decreased the formation of monoglutamate

TXL and free TXL in a tumor cell line that had been incubated with PG–TXL. All of these findings

are consistent with the results of proteolysis of the PG backbone through the action of cellular

dipeptidases. Another experiment showed that the metabolism of PG–TXL in non tumor-bearing
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cathepsin B homozygous knockout mice is reduced, but not eliminated; this seems to confirm that

in addition to cathepsin B, other cysteine proteases on the surface of tumor cells play important

roles in the release of TXL from PG–TXL.47

PG–TXL’s anti-tumor activity was first assessed in a variety of syngeneic and xenogeneic

tumor models. For example, the maximum tolerated dose of PG–TXL after a single intravenous

injection in rats and mice was 60 and 160 mg/kg, respectively.44 In comparison, the maximum

tolerated dose of TXL in rats and mice was 20 and 60 mg/kg, respectively. Therefore, PG–TXL’s

use represented a twofold and threefold improvement in toxicity in rats and mice, respectively. To

determine if PG–TXL has a broad spectrum of anti-tumor activity, its therapeutic activity was

evaluated against four syngeneic murine tumor cell lines (MCa-4 breast carcinoma, MCa-35 breast

carcinoma, HCa-1 hepatocarcinoma, and FSa-II sarcoma) intramuscularly inoculated into C3Hf/

Kam mice.48 The anti-tumor and antimetastatic activities of PG–TXL were investigated using

intraperitoneal injection of the SKOV3ip1 human ovarian tumor cell line in nude mice49 and

human MDA-MB-435-Lung2 breast tumors grown in the mammary fat pads of nude mice.48

Treatment with PG–TXL exhibited significantly better anti-tumor activity than did treatment

with TXL alone in all of the tumor models.

The pharmacokinetic profile and tissue distribution of PG–TXL were examined to verify the

enhanced permeability and retention effect of macromolecules.45 It was found that PG–[3H]TXL

has a much longer half-life in plasma (317 min) than [3H]TXL does (29 min). Consequently, the

area under the tissue-concentration-time curve (AUC) in tumors was five times greater when mice

were injected with PG–TXL than when they were injected with TXL. Therefore, enhanced tumor

uptake and sustained release of TXL from PG–TXL in tumor tissue seem to be among one of the

major factors contributing to PG–TXL’s markedly improved anti-tumor activity in vivo.

In the XYOTAX formulation used in clinical studies, the median molecular weight of PG–TXL

is 48,000 Da, and the content of TXL is about 37% by weight, equivalent to approximately one

TXL molecule for every 11 glutamic acid units in each PG polymer chain.47 This formulation

eliminated the use of Cremophor and alcohol, and it allows infusion of TXL over 30 min. In initial

clinical trials in the United Kingdom, the investigators gave PG–TXL (CT-2103) to cancer patients

in a 30-min infusion every three weeks at doses ranging from 30 to 720 mg/m2.50 They detected

CT-2103 in all the patients’ plasma and observed a long plasma half-life of up to 185 h. Impor-

tantly, the peak plasma concentration of released free TXL was less than 0.1 mM 24 h after

administration of CT-2103 at doses up to 480 mg/m2 (176 mg/m2 TXL equivalent). As shown in

Figure 10.1, the plasma concentrations of PG–TXL biphasically declined. The distribution phase

was prolonged, and the apparent monoexponential terminal phase associated with drug elimination

appeared approximately 48 h after administration of PG–TXL. The plasma concentration of

PG–TXL in the terminal phase declined slowly, and the drug could be detected in plasma three

weeks after administration at a dose of 200 mg/m2. In comparison, the plasma concentration of free

TXL paralleled with the PG–TXL concentration. Importantly, this study found that the AUC of

free TXL was about 1–2% of the AUC of PG–TXL that supported the in vivo stability of PG–TXL

in the plasma and the slow, prolonged release of the active moiety.51 The steady-state volume of

distribution ranged from 1.3 to 5.9 l/m2 and was low that suggested that the distribution of PG–TXL

was restricted mainly to the plasma and other extracellular body fluids.47

More than 400 patients have received PG–TXL in phase I and II trials.52,53 Drug-related events

that were reported in 10–20% of the patients included thrombocytopenia, diarrhea, leukopenia,

myalgia, arthralgia, and anemia. Compared with conventional TXL-based treatment, PG–TXL

showed three safety-related advantages. First, alopecia was rare, and complete hair loss was not

observed. Second, nausea and vomiting were uncommon. Third, hypersensitivity reactions were

rarely observed, and those that did occur were usually mild to moderate; therefore, routinely used

prophylactic premedications were not required. The incidence of significant hypersensitivity

reactions was less than 1% with no grade 4 hypersensitivity reactions.
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FIGURE 10.1 Plasma pharmacokinetics of PG–TXL and free TXL in cancer patients. The data are from four

phase I dose-escalation studies using 1-, 2-, and 3-week schedules. In all of the studies, PG–TXL was

administrated in a short intravenous infusion. (From Singer, J. W., Shaffer, S., and Baker, B., Anti-cancer

Drugs, 16, 243–254, 2005. With permission.)
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Phase II trials CT-2103, including the multicenter open-label studies (CTI-1071 and CTI-

1069), have been completed.47,53 The former study aimed to determine the rate of response and

time to disease progression in a heterogeneous population of patients with advanced epithelial

ovarian cancer who received CT-2103.47,53 Ninety-nine patients registered in this trial received

PG–TXL at a dose of 175 mg/m2 every three weeks. The toxic effects were mild in this heavily

pretreated population and consisted of the following: grade 3 neuropathy (nZ15), grade 3 neutro-

penia (nZ10), and grade 4 neutropenia (nZ4). Of 18 patients who received one or two prior

chemotherapy regimens and had CDDP-sensitive disease, five (28%) had a response, and six (33%)

had stable disease (SD). The cancer was difficult to treat in 21 patients with platinum-resistant

disease who underwent pretreatment, yet the investigators observed responses in two patients

(10%) and SD in four patients (19%). In CTI-1069,47 the researchers aimed to evaluate the efficacy

and tolerability of PG–TXL in patients with nonsmall cell lung cancer who were 70 years of age or

older and had an Eastern Cooperative Oncology Group (ECOG) performance status of 2 (PS2).

Thirty patients were registered in this trial, and they received PG–TXL at a dose of 175 mg/m2

(nZ28) or 235 mg/m2 (nZ2) every three weeks. Two patients had a partial response, whereas 16

patients had SD lasting at least 10 weeks. Among the 28 patients who received PG–TXL at 175 mg/

m2, the median survival duration was 8.1 months in those with an ECOG performance status of 0

(PS0) or 1 (PS1) and 5.4 months in PS2 patients. Both of the patients who received PG–TXL at

235 mg/m2 died within 30 days after treatment; one died of neutropenia, whereas the other died of

septic shock and renal failure.

More than 700 patients with lung cancer have participated in phase III trials

PG–TXL(XYOTAX) that include two phase III trials of XYOTAX as first-line treatment in PS2

patients (STELLAR 3 and STELLAR 4) and one phase III trial of XYOTAX as second-line

treatment in PS0, PS1, and PS2 patients (STELLAR 2).47 The total number of patients in the

STELLAR 2, STELLAR 3, and STELLAR 4 trials was 850, 400, and 477, respectively. Cell

Therapeutics Inc. (CTI) announced the results of these trials in March and May 2005. Although

none of the three trials met their primary end points, they did demonstrate similar efficacy, reduced
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side effects, and more convenient administration of XYOTAX when compared with the control

drugs (TXL, docetaxel, gemcitabine, and vinorelbine).

In addition, clinical data from a pooled analysis of CTI’s STELLAR 3 and 4 trials showed that

in the 198 women treated on those trials, superior survival was observed in those who received

XYOTAX (pZ0.03). The most notable impact was among women less than 55 years old and

presumably pre-menopausal who were treated with XYOTAX compared to standard chemotherapy

(median survival 10.0 vs. 5.3 months, hazard ratioZ0.51, log rank pZ0.038) while a survival

trend (pZ0.134) was observed in women 55 years of age and older (post-menopausal) (http://

www.ctiseattle.com). The favorable anti-tumor activity among women less than 55 years of age

stimulated the initiation of the PIONEER 1 clinical trial where about 600 PS2 chemotherapy-naı̈ve

women with advanced stage NSCLC will be recruited. Each study arm of approximately 300

patients will be randomized to receive either XYOTAX at 175 mg/m2 or TXL at 175 mg/m2

once every three weeks. The primary endpoint is superior overall survival with several secondary

endpoints including disease control, response rate in patients with measurable disease, time to

disease progression, and disease-related symptoms.

CTI also reported the preliminary results of a phase II study of XYOTAX in combination with

carboplatin for first-line induction and single-agent maintenance therapy for advanced-stage III/IV

ovarian cancer in May 2005. Among the 82 patients in this study, 98% had a major tumor response,

85% had a complete response, and 12% had a partial response during induction of the therapy. At a

dose of 175 mg/m2, XYOTAX and carboplatin (AUCZ6) had grade 3/4 side effects, including

thrombocytopenia (55%), neuropathy (23%), febrile neutropenia (19%), nausea (15%), anemia

(11%), and vomiting (7%). The investigators found no grade 4 neuropathy, and only 4% patients

needed dose delay because of neutropenia. CTI and the Gynecologic Oncology Group are colla-

borating on phase III studies for which they expect to enroll about 1550 patients to receive

treatment with carboplatin and TXL initially followed by XYOTAX for consolidation in half of

the patients.
10.4.2 PG–CPT

The CPTs are a family of synthetic and semisynthetic analogues of 20(S)-CPT that exhibit a broad

range of anti-cancer activity by inhibiting topoisomerase-1 activity. Two properties of CPT

compounds limit their therapeutic efficacy in humans: instability of the lactone form because of

preferential binding of the carboxylate to serum albumin and a lack of aqueous solubility. PG is an

effective solubilizing carrier of CPT and serves to protect the E-ring lactone structure in CPT. The

PG–CPT conjugate was prepared by directly coupling the hydroxy group at the C20(S)-position of

CPT with the carboxylic acid of PG.54 When given intravenously in four doses every four days at an

equivalent CPT dose of 40 mg/kg, PG–CPT delayed the growth of established H322 human lung

tumors subcutaneously grown in nude mice. In mice that received intratracheal inoculation of H322

cells, the same treatment prolonged the median survival duration in mice by fourfold when

compared with that in untreated control mice. These results showed that PG was as efficient

carrier of CPT.

Studies have systematically investigated the structural effects of the anti-tumor efficacy of CPT,

including linkers between PG and CPT, the point of attachment of PG on the CPT molecule, the

polymer molecular weight, and drug loading.55–57 First, coupling through the 20(S)-hydroxy group

of CPT with or without a glycine linker yielded the most active conjugates because this site is

located in close proximity to the lactone ring; therefore, the E-ring lactone is better protected by the

linked PG chains. Second, increasing the molecular weight of PG from 33 to 50 kDa improved the

anti-tumor efficacy of PG–CPT, probably because of an increased plasma half-life and reduced

renal clearance. Third, based on the CPT-equivalent dosing levels, the investigators compared

various linkers and found that PG-Gly-CPT and PG–(4-O-butyryl)–CPT seemed had the highest

anti-tumor activity. Moreover, the linkers also affected the maximum drug payload; for example,
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only 15% (by weight) of CPT loading could be achieved for direct conjugation of PG–CPT by the

ester linkage because of steric hindrance. On the other hand, up to 50% CPT loading could be

achieved for the case with a glycine as linker. Fourth, the researchers observed improved anti-tumor

efficacy of PG-Gly-CPT against HT-29 colon cancer and NCI-H460 lung carcinoma with increased

CPT loading. However, increasing the loading of CPT to 47% resulted in significantly reduced

solubility. Therefore, they recommended further investigation of PG-Gly-CPT with loading of CPT

at 30–35%.
10.5 COMBINATION OF PG–TXL WITH RADIOTHERAPY

Combining chemotherapy and radiotherapy has significantly improved response and survival rates

in patients with many solid tumors. Many chemotherapeutic agents can increase the radiosensitivity

of tumors, potentiating the tumor response to radiation-caused damage. It was hypothesized that

combining radiotherapy and chemotherapy using a polymer–drug conjugate may lead to a stronger

radiosensitizing effect than using the drug alone. Irradiation can, in turn, potentiate the tumor

response to polymer–drug conjugates by increasing tumor vascular permeability and the uptake

of these conjugates into solid tumors. To test this hypothesis, PG–TXL was used as a model

polymer–drug conjugate.58 Administration of PG–TXL delayed the growth of OCa-1 syngeneic

murine ovarian tumors in C3Hf/Kam mice. However, when PG–TXL was given in combination

with tumor irradiation, significantly enhanced anti-tumor activity was observed. Using tumor

growth delay as an end point, enhancement factors ranging from 1.36 to 4.4 were observed;

these values depended on the doses of PG–TXL and radiation delivered. It was found that complete

tumor regression occurred with the use of increased radiation doses (O10 Gy) and PG–TXL doses

(O80 mg/kg equivalent TXL).59 Similar results were observed in a mammary MCa-4 carcinoma

model.60 In contrast, it was found that combined radiotherapy and TXL treatment yielded an

enhancement factor of less than 1.0 in MCa-4 tumors, indicating that conjugation of TXL with

PG is necessary to improve that radiosensitization effect of TXL. When the treatment end point was

tumor cure, enhancement factors as high as 8.4 and 7.2 were observed after fractionated and single-

dose radiotherapy, respectively.61,62

To determine if prior irradiation affects tumor uptake of PG–TXL, [3H]PG–TXL was injected

into mice with OCa-1 ovarian tumors 24 h after local irradiation at 15 Gy.59 The uptake of

[3H]PG–TXL in irradiated tumors was 28–38% higher than that in nonirradiated tumors at different

times after injection of [3H]PG–TXL, suggesting that irradiation increased the accumulation of

PG–TXL in the tumors. Therefore, the super-synergistic effect of combined radiotherapy and

PG–TXL-based chemotherapy is partly ascribed to the enhanced permeability and retention

effect of macromolecules caused by irradiation.
10.6 PG AS A CARRIER OF DIAGNOSTIC AGENTS

10.6.1 MAGNETIC RESONANCE IMAGING

Noninvasive imaging of intravascular compartments is of critical importance in the clinic. Many

diseases such as infections, ulcers, cardiovascular diseases, and solid tumors involve gross hemor-

rhaging, abnormal vascular growth, and/or vascular occlusion.63,64 Magnetic resonance imaging

(MRI) with blood-pool contrast agents can be used to perform minimally invasive angiography,

assess angiogenesis, quantify and measure the spacing of blood vessels, and measure blood volume

and flow.63,64 MRI blood-pool contrast agents are often paramagnetic gadolinium (Gd) chelates of

high-molecular-weight polymers that are largely retained within the intravascular space during

MRI.65 Recent studies showed that tumor vascular permeability measurements obtained using

polymeric contrast agents enhanced dynamic MRI that correlated with tumor microvessel

density counts, suggesting that MRI can be used to characterize tumor angiogenic activity.66,67
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Furthermore, MRI with polymeric contrast agents may permit more accurate grading of tumor

invasiveness than those with smaller molecular weight contrast agents, such as Gd–diethylenetria-

minepentaacetic acid (DTPA).68,69

Investigators have synthesized various polymeric contrast agents for MRI, including human

serum albumin,70 polylysine,71,72 dextran,73,74 dendrimers,75–78 polyamide,74,79 and grafted copo-

lymers,80 and they evaluated them as blood-pool imaging agents. Although most of these agents

fulfill the criteria for long blood circulation time and high MRI relaxivity, their safety remains

unestablished. The clinical applications of many current macromolecular contrast agents are

limited by slow excretion from the body and the potential toxicity of free Gd3C ions released by

the metabolism of the contrast agents.71–73,81,82 For albumin-based products, the possibility of

immunogenic responses makes the use of serum proteins less attractive. Dendrimer-based blood-

pool agents have the advantage of extremely narrow molecular weight distributions; however, these

agents are not biodegradable.

Ideally, polymeric contrast agents are degraded and cleared from the body after completion of

MRI. Based on its good biocompatibility and biodegradability, the metal chelator DTPA was

conjugated with PG, and the physicochemical and imaging properties of the resulting polymeric

contrast agents were evaluated.83 One of these agents, PG–Bz–DTPA–Gd, was synthesized from

PG and monofunctional p-aminobenzyl-DTPA (penta-tert-butyl ester). It was found that PG–Bz–

DTPA–Gd was readily degraded upon exposure to an aqueous buffered solution containing cath-

epsin B. The T1 relaxivity of PG–Bz–DTPA–Gd at 1.5 T was four times greater than that of small-

molecular-weight Gd–DTPA. Figure 10.2 compares the parametric AUC magnetic resonance

images for signal intensity integrated over 90 s and 10 min after intravenous injection of gado-

pentetate dimeglumine (Magnevist; Gd–DTPA) and PG–Bz–DTPA–Gd. Magnevist (743 Da) is a

contrast agent that is clinically used. Whereas Magnevist rapidly diffused into the extravascular

fluid space over 90 s, PG–Bz–DTPA–Gd was largely retained in the blood vessels for up to 10 min.

Indeed, contrast enhancement of the vascular compartments was still visible 2 h after injection of

PG–Bz–DTPA–Gd.83

In an effort to increase the rate of polymer degradation, Lu et al.84 prepared PG–cystamine–

[Gd(III)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)] (molecular weight of

PG, 50,000 Da) where the metal chelator DOTA was conjugated with PG using a disulfide bond.

They showed that glutathione and other endogenous sulfhydryl-containing biomolecules could

exchange their free SH group with an S–S bond in PG–cystamine–[Gd(III)–DOTA], resulting in
FIGURE 10.2 (See color insert following page 522.) Comparison of parametric AUC magnetic resonance

images obtained at 90 s and 10 min after intravenous injection of Magnevist and PG–Bz–DTPA–Gd. Arrow:

Blood vessel.
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rapid release of Gd(III)–DOTA from the polymer and subsequent clearance of Gd-containing

species from the body. Use of PG–cystamine–[Gd(III)–DOTA] produced significant blood-pool

contrast enhancement on MRI scans of the heart and blood vessels in nude mice bearing OVCAR-3

human ovarian carcinoma xenograft when compared with use of small-molecular-weight

contrast agents.
10.6.2 NEAR-INFRARED FLUORESCENCE OPTICAL IMAGING

Near-infrared (NIR) optical imaging has unique advantages for diagnostic imaging of solid tumors.

Specifically, NIR imaging is a potentially safe, noninvasive method of detecting solid tumors as

NIR light (650- to 900-nm wavelengths) can penetrate several centimeters into tissue.58,85 The NIR

dye indocyanine green (ICG), a model diagnostic agent, has been conjugated with the side

carboxylic acid of branched PG having a PAMAM core and the terminal folic acid group as a

targeting moiety (Figure 10.3).86 The resulting conjugate, PAMAM16–PG–(ICG)–folate, exhibited

selective binding to KB cells (overexpressing folate receptors) but not to SK-Br3 cells that cannot

express folate receptors. Additionally, this selective binding was partially blocked by free

folic acid.
10.7 CONCLUSIONS

Owing to its favorable physicochemical properties, PG has been shown to be an excellent poly-

meric carrier of both diagnostic and therapeutic agents. PG–TXL has become the first PG-based

polymeric agent to be tested in clinical trials. The newer generation of PG-based polymers will have
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to meet a number of challenges, including the development of novel polymers with modulated rates

of degradation, versatile conjugation chemistry allowing site-specific attachment of targeting

moieties, and polymerization methods that allow accurate control of polymer molecular weights

and molecular weight distributions.
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11.1 INTRODUCTION

The conjugation of therapeutics to water-soluble biomedical polymers increases the aqueous solu-

bility of hydrophobic drugs, prolongs in vivo drug retention time, reduces systemic toxicity, and

enhances therapeutic efficacy.1,2 Polymer drug conjugates can preferentially accumulate in solid

tumor tissues due to the hyperpermeability of tumor blood vessels or the so-called “enhanced

permeability and retention (EPR) effect.”3,4 Polymer drug conjugates can also down-regulate or

overcome multiple drug resistance.5,6 Because of these unique properties, polymer drug conjugates

exhibit higher therapeutic efficacy than the corresponding therapeutics alone. Several polymer drug

conjugates are currently used in clinical cancer treatment, and more are in the pipeline of clinical
201
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development. For example, styrene–maleic acid copolymer neocarzinostatin conjugate (SMANCS)

is used for liver cancer treatment in Japan;7 pegylated adenosine deaminase8 and asparaginase9,10

are used for enzyme replacement therapy for immunodeficiency and for the treatment of acute

lymphoblastic leukemia, respectively. Many other polymer drug conjugates, including pegylated

interferon a,11 PEG–camptothecin conjugate,12 poly(L-glutamic acid) paclitaxel conjugate,13

poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA)-cis-platinate conjugate,14 and PHPMA–

doxorubicin conjugate15,16 are in various phases of clinical trials.

The in vivo behavior, including pharmacokinetics, biodistribution, drug delivery efficiency and

therapeutic efficacy, of polymer drug conjugates has been traditionally evaluated by using blood

and urine sampling, biopsy-based methods, and symptom-based observations. These methods are

sometimes invasive and cannot accurately provide real time information on the interaction of

polymers with various organs and tissues, the targeting and delivery efficiency of the drug delivery

system, and therapeutic response. A large number of animals are also required in preclinical

development. Sometimes, the data obtained by conventional biopsies may be misleading, which

might be one of the causes of the efficacy discrepancy between preclinical development in animal

models and human clinical trials and the failure of some clinical trials due to improper selection of

drug candidates.

In vivo drug delivery by polymer drug conjugates involves circulation of the conjugates in the

blood; interaction with the major organs including the liver, heart, lungs, spleen and kidneys, etc.;

transport to target tissue; and uptake by target cells and drug release. Direct and continuous

evaluation of drug delivery efficiency and tissue interaction of polymeric drug conjugates is critical

to develop more efficacious drug delivery systems. Recent advancements in biomedical imaging

technology have provided the essential tools for noninvasive and continuous in vivo evaluation for

drug delivery. Nuclear medicine, including positron emission tomography (PET) and single photon

emission computed tomography (SPECT), is a clinical imaging modality with high detection

sensitivity (ca. 10K9 M). Magnetic resonance imaging (MRI) is a noninvasive clinical imaging

modality with high spatial resolution. Both imaging modalities are able to noninvasively visualize

in vivo drug delivery with polymeric drug conjugates. The polymer conjugates can be labeled with

imaging probes and noninvasively and continuously monitored with the imaging modalities.

The number of experimental animals can be dramatically reduced in the preclinical development

of the conjugates. Biomedical imaging will provide real-time information of the in vivo behavior of

polymeric drug conjugates. In this chapter, we will focus on noninvasive visualization of in vivo

drug delivery with paramagnetic polymeric conjugates and contrast-enhanced MRI.
11.2 MAGNETIC RESONANCE IMAGING

11.2.1 PRINCIPLES OF MRI

MRI is a clinical imaging modality that produces three-dimensional anatomic images with high

spatial resolution and provides in vivo physiological properties including physiochemical infor-

mation, flow diffusion, and motion in the tissues. The physics of MRI is complicated and has been

detailed in a number of monographs.17,18 The fundamental principles of MRI are briefly reviewed

in this section. A normal human adult has approximately 60% of the body weight as water. Water

protons have a magnetic moment and the orientations of the magnetic moments are random in the

absence of an external magnetic field. When a patient is placed in a MRI scanner, the proton

magnetic moments align either along or against the static magnetic field (B0) of the scanner and

create a net magnetization pointing in the direction of the main magnetic field of the scanner.

The magnitude of the magnetization is proportional to the external magnetic field strength as well

as the amount of protons.

Nuclear magnetic resonance (NMR) measures the change of the magnetization by applying

radiofrequency (RF) pulses. When an RF pulse is applied to create an oscillating electromagnetic
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field (B1) perpendicular to the main field, the longitudinal magnetization is tipped away from the

static magnetic field and deviates from the equilibrium state (in longitudinal space). A perfect 908

RF pulse flips the total longitudinal magnetization onto the transverse plane. Immediately after

excitation with the RF pulse, the transverse magnetization then undergoes the decay process.

The decaying transverse magnetization induces an NMR signal as an electromotive force (emf)

on an RF coil. Simultaneously, the nuclear spin system approaches toward the equilibrium state

with a characteristic recovery time T1, which depends upon the physical and chemical environment

of the molecules.

Longitudinal T1 relaxation involves the return of protons from the high energy state back to

equilibrium by dissipating their excess energy to their surroundings. The process is also called spin-

lattice relaxation. Transverse (T2) relaxation involves the transfer of the spin angular momentum

among the protons via the interactions such as dipole–dipole interaction. The process is called

spin–spin relaxation. In biological systems, the T2 relaxation time is typically shorter than T1

relaxation time. Because the main magnetic field of MRI scanners is not perfectly homogenous,

the inhomogeneity of the magnetic field also causes dephasing of individual magnetizations of

protons, resulting in more rapid loss of transverse magnetization. The process is called

T�2 relaxation.

In MR imaging, the position dependent frequency and phase are encoded into the transverse

magnetization, and the measured signals are Fourier transformed to construct the spatial map

(image). MR images are created based on the proton density, or T1 and T2 relaxation rates, and

flow and diffusion properties in different tissues. These parameters vary between different tissues

and create image contrast among the tissues. Tissues with a short T1 relaxation time give a strong

MR signal, resulting in bright images in T1-weighted MRI. Tissues with a short T2 relaxation time

produce a weak MR signal, resulting in dark images in T2-weighted MRI.

11.2.2 CONTRAST-ENHANCED MRI

In many cases, the differences between the MR signal intensities of normal and diseased tissues are

not large enough to produce obvious contrast for definitive diagnosis. Contrast agents are used to

enhance the image contrast between normal and diseased tissues to improve diagnostic sensitivity

and specificity.19,20 MRI contrast agents are either paramagnetic metal chelates or ultrasmall

superparamagnetic iron oxides. These agents interact with surrounding water molecules and

increase the relaxation rates (1/T1 and 1/T2) of water protons. The change of relaxation rate is

linearly proportional to the concentration of contrast agents, [M]:

1=Ti;obs Z 1=Ti;d Cri½M�; (11.1)

where iZ1,2. In Equation 11.1, 1/Ti,obs is the observed relaxation rate with a contrast agent, 1/Ti,d

the relaxation rate without the contrast agent, and ri the relaxivity of the contrast agent. Relaxivity is

a measurement of the efficiency of a contrast agent to enhance the relaxation rate of water protons

or the efficiency to generate image contrast enhancement. Because the uptake of contrast agents

varies between different tissues, MR image contrast is enhanced in the tissue with a high contrast

agent concentration compared to that with a low concentration.

MRI contrast agents approved for clinical applications are mainly stable paramagnetic chelates,

e.g., Gd(III) chelates21–24 and Mn(II) chelates,25 and ultrasmall superparamagnetic iron oxide

(USPIO).26 Gd(III) chelates of DTPA, DOTA, or their derivatives are commonly used for

contrast-enhanced MRI. Both Gd(III) and Mn(II) chelates are mainly used as T1 contrast agents,

whereas USPIO is used as a T2 contrast agent. These agents significantly enhance image contrast

between normal tissue and diseased tissue and improve the diagnostic accuracy. Currently, contrast

agents are used in approximately 30% of clinical MRI examinations. Macromolecular Gd(III)

complexes have also been developed as MRI contrast agents.27,28 These agents have a prolonged
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blood circulation time and preferentially accumulate in solid tumors due to the EPR effect. Macro-

molecular Gd(III) complexes have demonstrated superior contrast enhancement in MR

angiography and cancer imaging in animal models, but are not yet approved for clinical

applications.

Contrast-enhanced MRI is a useful method for noninvasive in vivo evaluation of polymeric

drug delivery systems after the systems are labeled with MRI contrast agents. The real-time

pharmacokinetics and biodistribution of the labeled drug delivery systems can be continuously

visualized by contrast-enhanced MRI. It has a potential to provide accurate four-dimensional

information of in vivo properties of the drug delivery systems.
11.3 MR IMAGING OF PARAMAGNETIC HPMA COPOLYMER CONJUGATES

N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymer is a biocompatible water-soluble poly-

meric carrier for therapeutics.1 The conjugation of anti-cancer drugs to HPMA copolymers results

in many advantageous features over small molecular therapeutics, including improved water solu-

bility and bioavailability, preferential accumulation of the conjugates in solid tumors, reduced

nonspecific toxicity, and down-regulation of multi-drug resistance.1,29 A number of HPMA copo-

lymer drug conjugates have been systematically investigated both in vitro and in vivo. Several

HPMA copolymer-anti-cancer drug conjugates are now in various phases of clinical development

for cancer treatment.30 The incorporation of MRI contrast agents into HPMA copolymer conjugates

allows direct visualization of real-time drug delivery of the conjugates in animal models with

contrast-enhanced MRI. The noninvasive imaging reveals some interesting features of drug

delivery with the conjugates that cannot be obtained with conventional surgery based evaluations.

11.3.1 MR IMAGING OF A PARAMAGNETIC HPMA CONJUGATE

IN AN ANIMAL TUMOR MODEL

HPMA copolymers have been labeled with radioactive probes including 131I and 99mTc for

noninvasive visualization of in vivo drug delivery of the conjugates with g-scintigraphy.31–33

Nuclear medicine is highly sensitive for detecting labeled conjugates, but its poor spatial resolution

cannot provide detailed biodistribution of conjugates in tissues and organs. In comparison, contrast-

enhanced MRI provides clear visualization of the biodistribution of paramagnetically labeled

conjugates with high spatial resolution.

HPMA copolymers were labeled with an MRI contrast agent, Gd-DOTA, and investigated in

an animal tumor model with contrast-enhanced MRI.34 The structure of a labeled conjugate,

poly[HPMA-co-(MA-Gly-Gly-1,6-hexanediamine-(Gd-DOTA))], is shown in Figure 11.1.

The molecular weight of the polymer conjugate was 25.6 kDa (PDZ1.50) and the Gd content

was 0.33 mmol Gd/g polymer. The T1 relaxivity of the conjugate was 6.0 mMK1 sK1 per attached

Gd(III) chelate at 3 T. Figure 11.2 shows the dynamic, contrast-enhanced, three-dimensional

maximum intensity projection (MIP) (Figure 11.2a) and 2D coronal MR images (Figure 11.2b)

of a mouse bearing a human prostate carcinoma DU-145 xenograft and a Kaposi’s sarcoma xeno-

graft. The conjugate was administrated intravenously at a Gd equivalent dose of 0.1 mmo1/kg body

weight. The pharmacokinetics and biodistribution of the conjugate were clearly revealed in the

contrast-enhanced MR images.

Strong MRI signal was observed in the heart, liver, kidneys and vasculature in the 3D images at

the initial stage after the injection of the conjugates. The signal intensity decreased over a 60-min

period; meanwhile, the signal intensity in the urinary bladder increased gradually, indicating that

the conjugate was excreted via renal filtration. Significant contrast enhancement was still visible in

the heart at 60 min. After 22 h, most of the conjugate was cleared from the body except the liver, as

shown in Figure 11.2. The signal intensity in the liver was stronger at 22 h than in the precontrast

image, suggesting significant interaction of HPMA copolymers with the liver.
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The coronal images cross-sectioning the tumor tissues showed heterogeneous uptake of HPMA

copolymers in two different tumors (Figure 11.2b). The prostate carcinoma had a smaller size, but

stronger MR signal than the Kaposi’s sarcoma. For Kaposi’s sarcoma, the contrast enhancement

was mainly observed in the periphery of the tumor tissue and to a lower extent in the inner tumor

tissue. A plausible explanation is that the interstitium of the large tumor was possibly necrotic,

which would limit the access of the conjugate. The results suggested that tumor uptake of HPMA

copolymers may vary from tumor to tumor and with different tumor sizes. It might affect the

efficacy of the polymer conjugates and more detailed studies are needed to understand the

possible correlations.
FIGURE 11.2 Three-dimensional maximum intensity projection (MIP) (a) and 2D coronal MR images (b) of

the male nude mouse bearing prostate carcinoma DU-145 (left) and human Kaposi’s sarcoma (SLK) tumor

(right) at different time points. The arrow points to the tumor. Imaging parameters were TRZ7.8 ms,

TEZ2.7 ms, 258 flip angle, and 0.4-mm coronal slice thickness.
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11.3.2 MR IMAGING OF A PARAMAGNETIC HPMA CONJUGATE FOR BONE DELIVERY

Kopecek and coworkers labeled HPMA copolymers (55 kDa) with Gd-DOTA to noninvasively

evaluate macromolecular accumulation in arthritic joints in a rat model. The copolymers were

labeled with fluorescein in addition to the paramagnetic metal chelate. The structure of the conju-

gate is shown in Figure 11.3. After intravenous administration of the conjugate in a rat model with

adjuvant-induced arthritis, the biodistribution of copolymers was followed by contrast-enhanced

MRI at various time points post-injection.35

Contrast-enhanced dynamic MRI clearly revealed the pharmacokinetic properties and biodis-

tribution of the conjugate with high anatomic resolution in the adjuvant-induced arthritic rats

(Figure 11.4). The copolymers had a relatively high molecular weight and a considerable

amount of the copolymers was still circulating in the blood 3 h post-injection. Selective accumu-

lation of HPMA copolymers was gradually shown in the arthritic joints of the adjuvant-induced

arthritis rats. The copolymers were also cleared from the accumulation sites over time as shown by

contrast-enhanced MRI. The uptake and retention of the MR contrast agent labeled polymer

correlated well with the histopathological features of inflammation and local tissue damages.

No significant contrast enhancement was observed in the hind-limb joints of healthy rats in

a control study.
11.4 MR IMAGING OF PARAMAGNETIC POLY(L-GLUTAMIC ACID)

CONJUGATES

Poly(L-glutamic acid) (PGA) is a negatively charged, biocompatible polymer that has been used as

a carrier for drug delivery.36 It is a homopolymer of L-glutamic acid linked through peptide bonds

and the pendant g-carboxyl groups are suitable to load therapeutic agents via chemical conjugation.

Several poly(L-glutamic acid)-anti-cancer drug conjugates have been developed for cancer treat-

ment.37–39 The conjugation of a MRI contrast agent to PGA enables noninvasive investigation of its

pharmacokinetics and in vivo drug delivery with contrast-enhanced MRI.

11.4.1 MR IMAGING OF PGA–(GD-DOTA) CONJUGATE IN AN ANIMAL TUMOR MODEL

Poly(L-glutamic acid)–1,6-hexanediamine–(Gd-DOTA) conjugate was prepared using a synthetic

procedure similar to that of PGA-cystamine-Gd-DOTA conjugate synthesis40 to noninvasively
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FIGURE 11.3 The structure of HPMA-MAFITC copolymers labeled with Gd(III)-DOTA.
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FIGURE 11.4 The MR images of rats taken at different time points. The acquired images were post-processed

using the maximum intensity projection (MIP) algorithm. P-Gd(III)-DOTA is abbreviated as P-Gd. (A-H) AIA

rat images at baseline (a) and 5 min (b), 1 h (c), 2 h (d), 3 h (e), 8 h (f), 32 h (g), 43 h (h) post-injection of

P-Gd(III)-DOTA. (i–n) Healthy rat images at baseline (i) and 5 min (j), 1 h (k), 2 h (l), 8 h (m), 48 h (n)

post-injection of P-Gd(III)-DOTA. Arrow points to the diseased joint (Adapted from Wang, D. etal., Pharm.

Res., 21, 1741, 2004. With permission.)
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study delivery efficiency of the conjugate. The structure of the conjugate is shown in Figure 11.5.

PGA–1,6-hexanediamine–(Gd-DOTA) conjugates, H a high molecular weight (50 kDa, PDZ
1.12) conjugate and a low molecular weight conjugate (20 kDa, PDZ1.08) were investigated by

contrast-enhanced MRI to study the size effect of conjugates on the efficiency of in vivo drug

delivery. The conjugates with different molecular weights had similar Gd content (41.7% for

50 kDa conjugate and 40.2 mol% for 20 kDa conjugate) and T1 relaxivity (9.44 and 9.20 mMK

1 sK1 for 50 and 20 kDa conjugates, respectively). The conjugates were intravenously administered

into female nu/nu athymic mice bearing human breast carcinoma MB-231 xenografts at a dose of

0.07 mmol-Gd/kg. Dynamic contrast-enhanced MRI clearly revealed the size effect of the conju-

gates on their pharmacokinetics and in vivo tumor delivery efficiency in the animal model.

Figure 11.6 shows the T1-weighted coronal MR images of mice before and at various time

points after injection with the conjugates. Strong contrast enhancement was observed in the heart at

the initial stage post-injection and then gradually faded away for both conjugates. The signal

intensity decreased more rapidly for the low molecular weight conjugate than the high molecular

weight conjugate, validating the concept that the blood circulation of the conjugates is prolonged
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FIGURE 11.5 The structure of poly(L-glutamic acid)–1,6-hexanediamine–(Gd-DOTA) conjugate.
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FIGURE 11.6 Coronal MR slice images of mice bearing MB-231 breast cancer tumors using PGA–1,6-hexa-

nediamine–(Gd-DOTA) conjugates with different molecular weights. The images were taken at different time

points using a 3D FLASH pulse sequence (1.74-ms TE, 4.3-ms TR, 258 RF tip angle, 120-mm FOV, and

1.6-mm coronal slice thickness).
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with increase in molecular weights. The low-molecular-weight conjugate (20 kDa) was cleared

from the blood circulation within 30 min after-injection. The dynamic changes in signal intensity in

the liver correlated well to that in the heart. The enhancement in the liver returned to the back-

ground level 24 h after the injection, indicating low liver uptake of the PGA conjugates.

The contrast enhancement pattern in the tumor tissue was similar to that of HPMA conjugates

in Kaposi’s sarcoma. Strong signal was observed at tumor periphery and little in the inner tumor

tissue. The dynamic MR images showed that the intensity and duration of tumor enhancement

strongly depended on the size of the conjugates, indicating size-dependent tumor accumulation.

Rapid clearance of the low molecular weight conjugate (20 kDa) from the blood circulation

resulted in low and short accumulation in the tumor tissue. The high molecular weight conjugate

(50 kDa) had a long blood circulation time, resulting in an increased contrast enhancement for at

least 4 h. The enhancement also gradually extended into inner tumor tissue, indicating diffusion of

the conjugate further into the tumor. The results clearly showed that drug delivery with polymeric

conjugate into tumor tissue was a slow process and H conjugates with high molecular weight and

long blood circulation time was more effective for tumor delivery than the conjugate with low

molecular weight. Contrast-enhanced MRI clearly revealed the size effect of the conjugates on their

pharmacokinetics and in vivo drug delivery efficiency.
11.4.2 MR IMAGING OF PGA–MCE6–(Gd-DOTA) CONJUGATE

IN AN ANIMAL TUMOR MODEL

Most anti-cancer drugs are lipophilic and the conjugation of lipophilic drugs to a polymeric carrier may

also modify the in vivo behavior of the polymers. Mesochlorin e6 (Mce6) is a lipophilic photosentizer

for photodynamic therapy. 41,42 A paramagnetic poly(L-glutamic acid) Mce6 conjugate was prepared to

investigate the pharmacokinetics, biodistribution and drug delivery efficiency of the PGA–Mce6 conju-

gate with contrast-enhanced MRI.43 The structure of the conjugate is shown in Figure 11.7. A PGA–1,6-

hexanediamine–(Gd-DOTA) conjugate was also prepared from the same poly(L-glutamic acid) as a

control. Mce6 content was 2.5 mol% in PGA–Mce6–1,6-hexanediamine–(Gd-DOTA) and Gd content

was 20 and 29 mol% for PGA–Mce6–1,6-hexanediamine–(Gd-DOTA) and PGA–1,6-hexanediamine–

(Gd-DOTA), respectively. The T1 relaxivity was 8.46 and 8.33 mMK1 sK1 for PGA–Mce6–1,6-hexa-

nediamine–(Gd-DOTA) and PGA–1,6-hexanediamine–(Gd-DOTA), respectively. The small amount
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of Mce6 in PGA–Mce6–1,6-hexanediamine–(Gd-DOTA) significantly reduced the hydrodynamic

volume and molecular weight distribution of the conjugate. The weight (Mw) and number (Mn)

average molecular weights decreased from 101 and 49 kDa of PGA–1,6-hexadiamine–(Gd-DOTA)

to 49 and 34 KDa for PGA–Mce6–1,6-hexadiamine–(Gd-DOTA). The lipophilic Mce6 may alter the

conformation of the polymers, resulting in a smaller hydrodynamic volume for PGA–Mce6–1,6-hexa-

diamine–(Gd-DOTA).

A contrast-enhanced MRI study demonstrated that PGA–Mce6–1,6-hexanediamine–(Gd-DOTA)

had significantly different pharmacokinetics and biodistribution from PGA–1,6-hexanediamine–(Gd-

DOTA) in female nu/nu athymic mice bearing human breast carcinoma MB-231 xenografts.

Figure 11.8 shows coronal dynamic MR images of mice injected with PGA–Mce6–1,6-hexanedia-

mine–(Gd-DOTA) and PGA–1,6-hexanediamine–(Gd-DOTA) at a dose of 0.07 mmol-Gd/kg.

The conjugates demonstrated different dynamic contrast enhancement patterns in the heart and liver.

PGA–Mce6–1,6-hexadiamine–(Gd-DOTA) had a strong contrast enhancement in the liver and

relatively weak enhancement in the heart, whereas PGA–1,6-hexadiamine–(Gd-DOTA) exhibited
FIGURE 11.8 Coronal contrast-enhanced MR slice images for PGA–Mce6–(Gd-DOTA) conjugate and

PGA–(Gd-DOTA) conjugate through the heart (b) before and at 5, 15, 30, 60, and 120 min post-injection.
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strong enhancement in the heart and relatively weak enhancement in the liver. The conjugation of

Mce6 significantly altered the pharmacokinetics and biodistribution of the poly(L-glutamic acid). The

results indicated that PGA–Mce6–1,6-hexadiamine–(Gd-DOTA) had higher liver accumulation than

PGA–1,6-hexadiamine–(Gd-DOTA). Consequently, it cleared from the blood circulation more rapidly

than PGA–1,6-hexadiamine–(Gd-DOTA), which could also be attributed to the larger

hydrodynamic volume of PGA–1,6-hexadiamine–(Gd-DOTA).
11.5 SUMMARY

Contrast-enhanced MRI is effective for noninvasive visualization of the real-time pharmacokinetics

and biodistribution of paramagnetically labeled polymer drug conjugates after intravenous admin-

istration. The technique provides three-dimensional anatomic images of soft tissues with high

spatial resolution. The circulation and accumulation of the paramagnetic polymeric conjugates

in organs or tissues result in bright signal for T1-weighted images. Dynamic contrast-enhanced

MRI clearly reveals circulation of the conjugates in the blood, interaction with the major organs,

including the liver, heart, kidneys, etc., and accumulation and clearance in the target tissues. It also

provides information on the dynamic changes of the distribution patterns of polymer conjugates in

solid tumor tissues, which cannot be obtained with conventional pharmacokinetic methods. Such a

detailed map of the delivery system deposition within the tissue and its correlation with the local

pathologic features may help to optimize the structure of the polymeric drug conjugate to achieve

high drug delivery efficiency. One limitation of contrast-enhanced MRI is the accurate quantifi-

cation of the concentrations of the conjugates in the tissues and organs. Several technical factors

control the accurate measurement of concentrations of contrast agents with conventional contrast-

enhanced MRI. For quantitative study of in vivo drug delivery with paramagnetic conjugates, MR

T1 mapping can be used because T1 relaxation rate (1/T1) is linearly proportional to the concen-

tration of MRI contrast agents. Data acquisition and algorithms to process the data for T1 mapping

are more complicated than for conventional contrast-enhanced MRI.
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12.1 INTRODUCTION

Cancer is a disease that affects millions of people across the globe every year. The World Health

Organization estimated that more than 10 million people developed a malignant tumor and more

than 6.5 million people died from this disease during the year 2000.1 In the United States, cancer is

the second cause of deaths from disease after heart disease, accounting for more than half a million

deaths every year. According to the American Cancer Society (ACS) cancer statistics, the overall

cost for cancer for the United States in 2004 was $189.8 billion: $69.4 billion for direct medical

costs, $16.9 billion for indirect morbidity costs, and $103.5 billion for indirect mortality costs.2

Furthermore, while mortality rates of other major chronic diseases, such as heart and cerebro-

vascular disease, decreased significantly in the past half-century, cancer mortality rates have

remained approximately constant.2 This is a troubling fact because it suggests that recent detection

and treatment options have not been able to improve mortality rates substantially.
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Research in the past decade has focused on using unique characteristics of cancer cells and the

vasculature surrounding those cells to deliver imaging agents, chemotherapeutic drugs, gene

therapy, and other active agents directly and selectively to cancerous tissues. Many of these new

formulations (described elsewhere in this volume) are liposomes, prodrugs, polymer conjugates,

micelles, and dendritic systems. This chapter will concentrate on polymeric nanoparticles that have

been studied as targeted systems for treatment and detection of cancer.
12.2 TARGETING TO CANCER

Nanoparticles may be targeted to the growing vasculature serving the growing cancer or to the

cancer cells themselves. Targeted delivery utilizes unique phenotypic features of diseased tissues

and cells in order to concentrate the drug at the location where it is needed. Targeted delivery can be

divided into passive and active targeting. Passive targeting tries to minimize nonspecific

interactions between the drug carrier and nontarget sites in the body by detailing the physiochem-

ical properties of the aberrant tissue such as size, morphology, hydrophilicity, and surface charge.3

When targeting tumor tissue, the enhanced permeability and retention effect (EPR) is an example of

passive targeting approach; it allows passage of drug carriers ranging in size from 10 to 500 nm

through the highly permeable blood vessels that supply growing tumors and leads to entrapment of

large molecules as a result of deficient lymphatic drainage.3–5 In fact, it has been reported that the

intra-cellular openings in vascular endothelium of tumor blood vessels can be up to 2 mm in

diameter and that the vessel leakiness in tumor vasculature can be up to an order of magnitude

higher than that of normal blood vessels.5 Active targeting utilizes biologically specific interactions

including antigen–antibody and ligand–receptor binding and may seek drug uptake by receptor-

mediated endocytosis through association of the drug or drug carrier with such antigen or ligand.3

Receptor-mediated endocytosis commonly occurs through clathrin-coated vesicles and is carried

out in mammalian cells continuously for the uptake of nutrients and for modulation of signal

transduction through the up- or down-regulation of signaling receptors.6 Targeted delivery

avoids the need for high systemic drug levels for the drug to be effective and consequently

offers a more economic alternative for treatment. Not only is it useful for therapeutic purposes;

it is also beneficial in diagnosis. Recent research has pointed to its ability to concentrate imaging or

contrast agents for the detection of malignancies and for monitoring the effects of therapeutic

agents.7,8 To date, most systems for targeted delivery have utilized drug conjugates, liposomes

or micelles.9–11 Targeting of particulate systems has focused more often on passive targeting based

on size than on active targeting. But systems that combine both methods, starting with passive

targeting through EPR and enhancing the targeting through specific interactions are beginning to

show great promise.

While it is challenging to deliver a drug or imaging agent-containing nanoparticle directly and

selectively to a cancerous cell or tissue, the additional challenges of then having that particle and/or

its contents being transported into the targeted cell have often been overlooked. Couvreur presented

some of these challenges at the 11th International Symposium on Recent Advances in Drug

Delivery Systems and also summarized that presentation in a recent publication.12 The tumor

resistance can be due to the deliverance of nanoparticles to the tumor as well as to resistance to

the active agent being delivered. In this article, many different pathways are described and the

enhancement of drug delivery due to the presence of nanoparticles, especially polycyanoacrylate

nanoparticles, is evaluated and summarized. The enhancement of drug permeability into cells due

to interactions with biodegradation byproducts as well as the effect of nanoparticle surface charge

is discussed.

In this chapter, we will first review recent work on targeting to the two most promising targets

for cancer: Angiogenesis and folate receptors. We will then describe other potential targets for

cancer imaging and therapy with nanoparticles, including antibodies strategies using biotin.
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12.3 PASSIVE TARGETING AND THE EPR EFFECT

Although active targeting may be achieved through targeting to folate receptors, angiogenesis, or

targets more specific to the cancer being treated, some enhancement of treatment to cancers on

account of the EPR effect cannot be ignored and should be utilized until more specific targeting

systems can be developed. Preparation of nanoparticle systems that can avoid uptake by the

reticuloendothelial system (RES) is essential, and such particles are often referred to as

“stealth” nanoparticles.

The most effective polymer used as a coating on nanoparticles to avoid detection by the RES is

poly(ethylene glycol).13 The latter can be achieved by adsorption of the PEG-containing polymer

onto the surface of nanoparticles, direct conjugation of the PEG to the nanoparticles, or inclusion of

PEG in the polymeric backbone that makes up the nanoparticles. The PEG itself may then also be

modified to give targeting capabilities and to avoid uptake by the RES. The PEG works to mask the

surface of the nanoparticles by reducing the plasma and protein adsorption to the particles, reducing

the complement activation and hence the recognition of the PEG as a foreign substance in the blood

stream. The longer circulation time afforded PEGylated nanoparticles allows them time to be

targeted, whether passively or actively, to cancerous tissues.

Extended circulation time and enhanced tumor targeting were seen for poly(ethylene oxide)-

modified poly(epsilon-caprolactone) nanoparticles in mice with tumors of MDA-MB-231, a human

breast carcinoma.14 These particles were loaded with [3H]-tamoxifen. The amount of labeled

tamoxifen at the tumor site, 6 h after injection, for those particles with PEO modification was at

least twice that of particles without modification and four times that of labeled tamoxifen injection.

The amount of labeled tamoxifen found in the blood stream at 6 h after injection was also at least

twice that of the injection or unmodified nanoparticle formulations.

The stability and circulation of PLGA–mPEG nanoparticles containing cisplatin was investi-

gated. It was found that while the mPEG content affected the drug release rate, the drug loading

level had no effect on the drug release rate for in vitro studies.15 The release was more that 60%

completed within the first 12 h in all cases. Data for blood levels was only presented for 3 h, so it is

hard to draw any valid conclusions from this information.

Nanoparticles of PLA and PEG–PPG–PEG were prepared containing irinotecan, a prodrug of

an analogue of camptothecin.16 Although little characterization beyond the average particles size

(231 nm) was presented here and no in vitro studies were described, the in vivo studies are quite

interesting. In this study, there was a modest increase in survival time in mice with M5076 tumors

(early liver metastatic stage) after a single injection and more pronounced increases in survival time

after either two or three repeat injections. It is noteworthy that the greatest survival times (20%

survival at 45 days at the end of the study) were seen with two injections at days three and five after

the implantation of the tumor.

Polycyanoacrylate nanoparticles have long been studied by Couvreur and collaborators as

biodegradable nanoparticles for a variety of applications and therapies which are not limited to

treatment of cancer.17 A recent work describes the effectiveness of these nanoparticles as delivery

systems for brain tumor targeting. Here they studied uncoated and PEG-coated nanoparticles and

found that both types of particles showed accumulation in a well-established 9L gliosarcoma in rat

studies. The PEG-coated particles showed the highest accumulation, with a tumor-to-brain ratio

of 11.

Poly(butyl cyanoacrylate) nanoparticles containing doxorubicin were prepared with no surface

modifications; the in vivo distribution of 99mTc labeled nanoparticles was evaluated in mice inocu-

lated with Dalton’s lymphoma tumor cells.18 The nanoparticles were administered by subcutaneous

injection and the concentration in a number of organs was followed for 48 hours and compared with

that for 99mTc labeled doxorubicin alone. When compared with the amount of doxorubicin alone,

the amount of radioactivity in the tumor was higher at all times tested, with a 13-fold increase seen

at 48 h.
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While the majority of work on targeted nanoparticles has been carried out with polylactides,

polyglycolides and polycyanoacrylates, those are not the only materials that can be used in nano-

particles. Some recent work with radiolabeled gelatin nanoparticles modified with poly(ethylene

glycol) showed that adding the PEG to the surface of these nanoparticles increased the circulation

time in mice with double the amount of PEG-modified nanoparticles in the blood stream 3 h after

injection compared to the amount of control nanoparticles.19 In addition, there was a four-fold

increase in the amount of PEG-modified gelatin nanoparticles found in the tumor 4 h after injection

and later when compared to the number of nonmodified gelatin nanoparticles.
12.4 TARGETING TO ANGIOGENESIS

A recently explored and potentially promising target of cancer drug and gene nanoparticle therapy

is tumor angiogenesis. It is now well established that tumor growth is dependent on new capillary

infiltration from surrounding, preexisting vasculature.20,21 This is an important control point in

cancer as much research has proven that tumors cannot effectively grow past a small size or

metastasize without blood supply.22–24 Except for the cases of menstruation, wound healing, and

tissue regeneration, capillaries do not increase in size or number under normal physiological

conditions. Tumor growth is an exception to this physiological rule.

Tumors are typically unable to affect angiogenesis when they are small and surrounded by

healthy tissue. However, at the point in growth where nutrients, oxygen, and growth factors can no

longer reach the cancer cells, blood flow is required to allow further growth of the tumor. After what

is occasionally a substantial time period, the tumor may abruptly induce angiogenesis into the

tissue.23 Because understanding this step in the progression of cancer is thought to be of great

importance, much research has been and continues to be focused on pinpointing the progression of

cancer and on targeting the event for therapy.

Much research has focused on targeted therapy of either chemotherapeutic agents to sites of

tumor angiogenesis or of angiogenesis-inhibiting drugs to tumors with the goal of directly combat-

ting the proliferation of newly forming capillaries in the tumor. Angiogenesis is a complex, multi-

component process that involves many cell types, cytokines, growth factors and receptors,

proteases, and adhesion molecules.25 As a result, there are many potential targets for anti-angiogenic

or chemotherapeutic therapy. Some recent advances in targeting approaches for nanoparticle drug

delivery are discussed below.

12.4.1 TARGETING USING VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTORS

Vascular endothelial growth factor (VEGF) is particularly important in the process of angiogenesis

and has been shown to greatly affect tumor growth in animal models.26–28 The VEGF receptors have

been used as a means to target the vascular bed in many instances. VEGF receptor-2 (VEGFR-2)

has recently been used to target nanoparticles to tumor vascular beds by Li et al in mice with

K1735-M2 tumors.29 A succinyl-dextran-polymerized nanoparticle conjugated to rat anti-mouse

VEGFR-2 antibody and radioisotope 90Y caused a significant tumor growth delay compared to

conventional radiolabeled antibody and other controls. Additionally, anti-CD31 staining showed

a decreased vessel density and damage to tumor vessels after treatment with the anti-VEGFR-

2-90Y nanoparticles.

12.4.2 TARGETING USING INTEGRINS

The integrins represent another important cell surface molecule group for angiogenesis targeting

because some integrins, such as avb3 and avb5, are upregulated on the endothelial cell surface of

neovasculature.30,31 The avb3 integrin is expressed on numerous tumor cell types; it is highly

expressed on neovascular endothelial cells. Hood and collaborators used 40-nm diameter
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cationic-lipid-based nanoparticles coupled to an organic avb3 ligand that was shown to be specific

for avb3 in cell studies. These nanoparticles, which contained a luciferase reporter plasmid, were

injected into mice with the avb3-negative cell line M21-L. The nanoparticles targeted to the

neovasculature within the tumor (but not to the tumor cells themselves) with no expression else-

where in the mice as detected by luciferase expression. In order to test therapeutic efficacy, NPs

were conjugated to a mutant Raf gene that blocks angiogenesis. Systemic injection in the M21-L

tumor-expressing mice rapidly induced apoptosis of endothelial cells within the tumor. Tumor

regression was seen within 10 days.32

In the same study with VEGFR-2 targeting discussed above, Li and collaborators also demon-

strated targeting of the radioisotope 90Y using nanoparticles targeted to the integrin avb3 with a

small molecule integrin agonist.29 In mice with K1735-M2 tumors, avb3-targeted 90Y-nanoparticles

significantly delayed tumor growth compared to untreated tumors. TUNEL staining of tumor

sections showed widespread apoptosis in tumors treated with these targeted nanoparticles. The

authors have postulated that this targeted nanoparticle radiotherapy has the potential to be used

to treat a variety of solid tumors. They have also postulated that the use of nanoparticles increases

efficacy due to the high payload delivered by the carriers.

Additionally, PEGylated polyethyleneimine (PEI) nanoplexes with a cyclic disulfide bond

constrained Arg–Gly–Asp (RGD) peptide ligand at the distal end have been used to target

integrin-expressing tumor neovasculature to deliver siRNA. Integrins are receptors for extracellular

matrix components that contain a tripeptide RGD sequence. Therefore, RGD containing peptide

sequences can target to cell surface integrins that are upregulated on neovasculature. The siRNA

used inhibited angiogenesis by inhibiting VEGFR-2 expression. Intravenous injection of nanopar-

ticles into nude mice with N2A tumors showed tumor uptake of the siRNA, inhibition of protein

synthesis in the tumor, and inhibition of angiogenesis and tumor growth.33 This study demonstrates

tumor selective delivery through both the targeting ligand and gene pathway by using siRNA.

In another avb3 targeting approach using an RGD peptide, Kopelman has created multifunc-

tional nanoparticles of 30–60 nm for the treatment of gliomas.34 The nanoparticles are able to kill

cancer cells by bombarding them with externally released reactive oxygen species created by

photodynamic agents activated by laser light. The particles also contain superparamagnetic iron

oxide and enhance imaging by magnetic resonance. The photodynamic sensitizer and MRI contrast

agents are entrapped within a polyacrylamide core, the surface of which is coated with PEG chains

and targeting RGD moieties. The particles containing photodynamic agents were shown to produce

sufficient singlet oxygen to kill cells in vitro. Additionally, these nanoplatforms were injected into

an in vivo rat intracerebral 9L tumor model, and diffusion MRI was performed at various times to

evaluate the tumor diffusion, tumor growth, and tumor load. The gliomas treated with the nano-

particles and irradiated with laser light caused regional necrosis and significant shrinkage of tumor

mass, a shrinkage that lasted for 12 days. The authors postulate that the light activated release of

reactive oxygen from photosensitizer-containing nanoparticles is a viable approach for brain tumor

treatment. Also, the incorporation of MRI contrast agents allows for monitoring of treatment and

tumor progression in vivo.

Carbohydrate based nanoparticles have also been used to target drugs to neovasculature via an

avb3/cyclic RGD peptide interaction. Inulin multi-methacrylate formed the core of the nanoparti-

cles and was attached to the RGD targeting moiety with a PEG linker. Doxorubicin was loaded in

the nanoparticles via covalent and noncovalent linkages. The pharmacokinetics and biodistribution

of the doxorubicin loaded nanoparticles were studied over five days in female Balb/cJ mice with

metastatic mammary tumor clone-66. A bi-exponential fix with a terminal half-life of 5.99 h was

observed; decreasing drug concentrations with time in the heart, lungs, kidney, and plasma was also

observed. Conversely, increasing drug accumulation was observed in the liver, spleen, and in the

tumor where there was also the presence of high levels of doxorubicin metabolite. The presence of

the high metabolite levels in the tumorsuggests nothing more than tumor-specific nanoparticle

degradation and release of drug.35
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12.4.2.1 Integrins as Targets for Imaging

In an effort to image angiogenesis, Mulder and collaborators have created MR-detectable and

fluorescent liposomes that are targeted to avb3 integrin on neovasculature.36 The MR contrast

agent Gd-DTPA-bis(stearylamide) was incorporated into PEGylated liposomes covalently

coupled to RGD peptide. It was observed that the liposomes effectively brought about an increase

in signal on T1-weighted images. Injection of these lipidic nanoparticles in nude mice with subcu-

taneously implanted LS174 human colon adenocarcinoma led to the ability to specifically image the

vascular endothelial cells in the tumor. Ex vivo fluorescence confirmed that RGD liposomes

specifically interacted with tumor endothelium associated with neovasculature.

In a study reported by Lanza, paramagnetic molecular imaging of angiogenesis was accom-

plished in vivo with avb3-targeted lipid encapsulated perfluorocarbon nanoparticles of about

250 nm.37 A Vx-2 carcinoma tumor in New Zealand rabbits was imaged with a 1.5-T MRI

system with either nontargeted or avb3-targeted nanoparticles. An eight-fold greater contrast

enhancement was achieved with the targeted nanoparticles. In the second part of the study, pacli-

taxel loaded nanoparticles were targeted to tissue factor (TF) proteins on vascular smooth muscle

cells with a specific TF antibody. The TF-targeted paclitaxel particles inhibited cell proliferation

while delivery of nanoparticles to targeted cells was confirmed with fluorine spectroscopy.
12.5 TARGETING USING FOLATE RECEPTORS

During the past few decades, there has been great interest in the utilization of folate receptors for the

targeted delivery of therapeutic and imaging agents. A number of delivery systems have been

utilized for this purpose, including drug conjugates,38–40 liposomes,41 micelles,42 viral vectors,43

and nanoparticles.

Folate (vitamin B-9) is essential for the synthesis of nucleotides and amino acids. Two main

groups of molecules are responsible for transport of folate molecules in vivo. Most cells in the body

express a folate anion transporter with micro-molar affinities for folates that participates in the

transport of coenzyme 5-methyltetrahydrofolate, the physiologic circulating reduced form of folate.

Folate receptors (FR), by contrast, are members of the glycosylphosphatidylinositol (GPI)-linked

membrane glycoprotein family and have high affinity for folic acid, an oxidized form of folate, and

5-methyltetrahydrofolate, with binding affinities being in the nanomolar range (KD !1!10K9 M)

for the a isoform of FR.44–46 It has been observed with few exceptions that only cells involved in

pathologic conditions, including cancer cells, express the high affinity folate receptors. These

receptors are able to transport folic acid, folate-bound molecules, and even particles through

receptor-mediated endocytosis.47,48

FR are known to be overexpressed in various epithelial cancer cells, such as those of ovarian,

mammary gland, colon, lung, prostate, and brain epithelial cancers, and in leukemic cells.49–61

Folate receptor overexpression has been correlated to poor prognosis. In addition, metastasized

cancer cells have been found to overexpress the folate receptor to a larger degree than localized

tumor cells.62 This finding is of great importance. The only nonpathological tissues where FR is

expressed are choroid plexus, placenta, lungs, thyroid, and kidney.46,63 FR expression is limited to

the apical (luminal) side of polarized epithelial cells, except for the cells of the proximal tubules in

the kidney. As a consequence, FR is practically inaccessible to blood-borne folate-linked

systems.44,45 These characteristics make folate receptors very advantageous for targeted delivery

of nanoparticles with high payloads of therapeutic agents, imaging agents, and even genes for

the treatment, detection, and monitoring of cancer. What is more, the macromolecular size of

nanoparticles will prevent gromerular filtration and the consequent exposure of kidney tissue to

folate-targeted nanoparticles.
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12.5.1 ANTIBODIES AND FOLATE RECEPTORS

The most common targeting moieties utilized for FR targeting include monoclonal antibodies to FR

and folic acid.46 To date, monoclonal antibodies to FR have not been utilized for targeted delivery

of nanoparticles although successful experiences have been reported for radiopharmaceuticals.64

The benefits of targeting with folic acid are many: it is small in size, has high stability, lacks

immunogenicity, and costs very little.62 Folic acid conjugation at its g-carboxyl group is necessary

for maintaining binding affinity to FR. The structure of folic acid is shown in Figure 12.1. Cellular

uptake of drug carriers bound to folic acid is believed to be mediated by receptor mediated

endocytosis although this process is not currently completely understood. A number of hypotheses

have been proposed for this process, including clathrin and caveolar pathways.63 It has been shown

that folate-bound molecules are able to escape endosomes after receptor-mediated endocytosis

because the process of endosomal acidification results in a conformational change in the receptor

that facilitates folate ligand release. Consequently, folate-bound molecules provides a great oppor-

tunity for the delivery of pH-sensitive biopharmaceuticals.45,62

In most drug delivery systems investigated thus far, folic acid is incorporated to the drug

delivery system through conjugation to a poly(ethylene glycol) (PEG) spacer utilizing well-

known dicyclohexylcarbodiimide/N-hydroxysuccinimide (DCC/NHS) mediated chemistry. Such

design aims to minimize steric hindrance for optimal folate recognition. This conjugation tech-

nique, however, can activate both the g- and the a-carboxylic acids of folic acid. It should be said,

though, that the g group is more reactive and is responsible for most of the linkages.

Numerous attempts at nanoparticle targeting to the folate receptor have been reported. Many

groups have formulated nanospheres of amphiphilic block copolymers including PEG. Park and

collaborators reported in vitro results of the preparation and evaluation of methoxy poly(ethylene

glycol) (PEG)-poly(3-caprolactone) (PCL) block copolymer nanospheres loaded with paclitaxel in

which folic acid was conjugated to a modified amino-terminated PCL with a carbodiimide-

mediated reaction.65 Dialysis was used to create these nanospheres that ranged in diameter from

50 to 120 nm, depending on the ratio of the block copolymers. Paclitaxel loading efficiencies of up

to 55% were reported with this system, thus significantly increasing the effective solubility of this

agent in aqueous systems like the body. Because the folate moiety was conjugated to the hydro-

phobic end of the block copolymer, it is expected that upon nanosphere formation it will

be localized in the inner core of the particles. However, XPS characterization demonstrated the

presence of nitrogen-containing molecules at the surface which could only be attributed to the

folate linker. Although the targeting effectiveness of these particles was not determined, cyto-

toxicity studies revealed that encapsulation of paclitaxel into the nanospheres reduced its
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FIGURE 12.1 Chemical structure of folic acid. Conjugation to folic acid for folate targeting is commonly

done at the g-carboxyl group.
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cytotoxicity. Consequently, encapsulation offered a safe alternative to direct administration of this

chemotherapeutic agent. Further studies should evaluate whether conjugation of folic acid to

hydrophobic end of the block copolymer results in sufficient surface availability of this

targeting agent.

Another approach to folate targeting of nanoparticles has been the modification of surface

properties of polymeric nanoparticles with polymer conjugates including the targeting agent. For

example, Kim reported on the modification of anionic poly(lactic-co-glycolic acid) (PLGA) nano-

particles prepared by emulsification and solvent evaporation with a cationic poly(L-lysine)-

poly(ethylene glycol)-folate (PLL–PEG–FOL) copolymer.66 In this design, the polycation PLL

block attaches to the PLGA nanoparticle through ionic interactions. Surface coating is achieved

by simple incubation in an aqueous solution containing the PLL–PEG–FOL copolymer. The PEG-

folate end of the copolymer is oriented toward the outer aqueous phase for better interaction

between folate and the targeted cell membrane receptor. XPS characterization demonstrated the

presence of nitrogen from folic acid on the surface of the coated nanoparticles. In vitro cellular

studies with FITC-labeled nanoparticles revealed an increase in uptake of coated nanoparticles with

increased conjugate-to-nanoparticle ratio in KB cells. Since a decrease in uptake was seen upon

addition of free folic acid in the medium, the transport of nanoparticles into the cells was attributed

to endocytosis mediated by the folate receptor.

Dendritic polymer systems of polyamidoamine (PAMAM) with folic acid as the targeting agents

and drug and imaging agent (methotrexate or tritium and fluorescein or 6-carboxytetramethylrho-

damine) were prepared and tested in mouse models.67 It was found that targeted systems, as opposed

to nontargeted systems, slowed the rate of tumor growth and even showed a complete cure in one

mouse. This study was conducted with twice-weekly tail vein injections. The biodistribution studies

showed that, for a single targeted injection of nanoparticles, a very high amount of the nanoparticles

accumulated within the tumor by day 1; this level remained high through at least day 4.

Nanometric particles prepared from drug-polymer conjugates have also been reported. In one

notable study, Yoo and collaborators reported on the formulation of doxorubicin-PEG-folate nano-

aggregates encapsulating additional doxorubicin in their core.11 These aggregates are formed

spontaneously when an organic phase containing the copolymer and solubilized doxorubicin is

dispersed into an aqueous phase containing triethylamine. The basic aqueous environment results in

deprotonation of doxorubicin, causing it to form aggregates with the hydrophobic copolymer. The

average aggregate diameter was approximately 200 nm. In vitro cellular studies showed increased

uptake of the nano aggregates in cells expressing the folate receptor when folic acid was absent

from cell media and increased cytotoxicity (anti-tumor efficacy) of the aggregates compared to the

free drug in cells expressing the FR. In vivo studies in mouse xenografts (KB cells) showed that

the nanoaggregates had superior therapeutic efficacy than both doxorubicin aggregates without the

folic acid ligand and free doxorubicin in solution.

Nanoparticles of temperature-responsive hydrogels conjugated to folic acid have also

been studied with the purpose of delivering chemotherapeutic agents. Nayak reported on poly

(N-isopropylacrylamide) (pNIPAM) nanoparticles that exhibit lower critical solution temperature

(LCST) behavior.68 Fluorescent agents were included in the core of these nanoparticles to facilitate

with tracking; amine comonomers were incorporated into the other pNIPAM shell for conjugation

to folic acid. These nanoparticles swell when their temperature falls under their LCST. Indeed, the

nanoparticle size increased from w50 nm at 378C to w135 nm at 258C. In vitro cell uptake studies

showed a 10-fold increase in the intake of nanoparticles conjugated to folic acid compared to those

without the targeting agent in KB cells (FRC).
12.5.2 FOLATE-TARGETED NANOPARTICLES FOR GENE DELIVERY

The use of folate-targeted nanoparticles for gene delivery has also been studied. In gene delivery,

tissue targeting is very important for the efficacy and safety of treatment. To date, the transfection
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efficiency offered by synthetic gene delivery systems is very low compared to that of viral vectors.

This is also true for nanoparticle-based systems. Extensive research is being done in the area to

improve transfection efficiencies by designing better delivery systems with improved targeting

ability, DNA stabilization, and cellular interaction.

Mansouri reported on the formulation of nanoparticles through the complex coacervation of

chitosan-folic acid conjugates with DNA.69 Chitosan is a biocompatible polycation that joins to

form a complex with DNA through electrostatic interactions and provides protection against

nuclease degradation. Complex coacervation is an optimal preparation technique for the encapsu-

lation of DNA because it avoids the use of organic solvents and high-energy ultrasonication.

Results revealed that the integrity of plasmid DNA in the particles was maintained and that

conjugation of chitosan to folic acid did not interfere with the electrostatic interaction between

chitosan and DNA. As expected, the ratio of chitosan to DNA, and consequent charge ratio, had an

effect on particle size and zeta potential. Nanoparticles smaller than 200 nm were obtained with a

chitosan amino group to DNA phosphate group ratio of more than 2. The use of these nanoparticles

consequently offers a promising alternative for nonviral gene therapy for the treatment of cancer

and other diseases in which folate receptors are overexpressed.

Nanoparticles with a poly(L-lactic acid) (PLL) core and a polyethyleneimide (PEI) surface

conjugated to folate were utilized for delivery of plasmid DNA.70 Folic acid was conjugated to

the N-terminal amino group of PEI. PEI is a polycation that has been used in the past for DNA

condensation and delivery because it protects DNA from degradation through an endosomal escape

mechanism. Here nanoparticles were prepared through the self-assembly of the amphiphilic folate-

PEI–PLL copolymer with DNA in an aqueous medium. Nanoparticles of approximately 100–

150 nm in diameter and spherical shape were produced. In vitro luciferase transfection studies

revealed that this system actually resulted in lower luciferase expression than

PEI–DNA complexes.

In a separate report, folate-polyethyleneglycol–distearoylphophatidylethanolamine conjugate

(f-PEG–DSPE), 3([N-(N 0,N 0-dimethylaminoethane)-carbamoyl] cholesterol, and Tween 80 were

used to complex with DNA into cationic nanoparticles of 100–200 nm in diameter with a modified

ethanol injection method.71 The formulation was carried out by dissolving the lipids in ethanol and

then removing the solvent through evaporation in the presence of water. The folate moiety, which is

conjugated to the PEG end of one of the lipid conjugates, naturally localizes at the surface of the

nanoparticles because of PEG migration toward the water phase. Tween 80, a nonionic surfactant,

and PEG were incorporated with the purpose of improving the in vivo stability of the cationic

nanoparticles through steric hindrance. The size of the nanoparticles with higher PEG content was

maintained in the presence of serum. This suggests that these nanoparticles are better able to

maintain their structural integrity in the presence of anionic competitors present in blood. Folate

targeting enhanced association and transfection efficacy of nanoparticles complexed with a luci-

ferase-encoding plasmid on FR(C) KB cells. The association and efficacy were reduced when folic

acid was present in the medium, thus revealing the involvement of the folate receptor in the

transport of the plasmid DNA into the cells.

A possible limitation of folate targeting is the noted variability of FR expression levels not only

between patients, but also within a single tumor.44 In addition, it has been reported that expression

of FR in cancerous cell lines is not representative of those one sees in vivo.44 Consequently,

screening protocols for FR expression will need to be utilized clinically in order to determine if

folate-targeted therapies are appropriate.
12.6 APPROACHES FOR CANCER TARGETING TO SPECIFIC CANCER TYPES

In a recent review, Kim and Nie describe passive and active targeting methods and then go into

detail on a number of active targeting techniques.72 The active target combinations they mention
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are lectin–carbohydrate, ligand–receptor and antibody–antigen. One limitation of using these

targeting strategies is that the lectin–carbohydrate targeting systems are usually targeted to

whole organs, making them inappropriate for targeting a cancerous part of a particular organ or

tissue. New antibody systems show a great deal of promise. Unfortunately, they also have poten-

tially harmful side effects such as advanced gastric adenocarcinoma. The latter arises when one

attempts to target breast cancer on account of the fact that antigen-positive normal cells to the

antibody BR96 in gastric mucosa, small intestine, and pancreas. Some of the aspects of angiogenic

targeting mentioned here have already been covered elsewhere in this chapter. Specific targeting

systems that are in use as cancer therapeutics are shown in Table 12.1.8,72
12.6.1 PROSTATE CANCER

Recently, aptamers have been used to target nanoparticulate systems to prostate-specific membrane

antigen, a known prostate cancer tumor marker. A model drug, rhodamine-labeled dextran, was

encapsulated in PEGylated poly(lactic acid) nanoparticles, which were subsequently surface

modified with a prostate specific RNA aptamer (A10). Binding of the aptamer nanoparticles to

LNCaP cells expressing prostate specific membrane antigen in vitro was significantly enhanced

when compared to a control of nontargeted particles. Additionally, very low binding was seen on

nonprostate specific membrane antigen expressing cells (PC3). The nanoparticles were shown to

both target and be taken up by the prostate cancer epithelial cells. This evidence points to the

conclusion that this novel aptamer-based, targeted nanoparticle delivery approach can be effective.73

Gao and collaborators report the use of quantum dots (QD) for in vivo targeting of prostate cancer

and imaging of tumors.7 The core-shell CdSe–ZnS quantum dots contain tri-n-octylphosphine

oxide (TOPO) that binds to a covering of high molecular weight ABC triblock copolymer of

polybutylacrylate, polyethylacrylate, polymethacrylic acid, and an 8-carbon alkyl side chain.

The complex is functionalized with PEG molecules and monoclonal antibodies to prostate-specific

membrane antigen. Specific binding was shown for prostate cancer lines whereas low binding was

seen to normal cells. The QD-antibody formulations were studied in vivo in a mouse model human

prostate cancer. The nanoparticles were shown to target to the tumor both by passive and active

antibody targeting. Sensitive and multicolor fluorescence imaging of cancer cells in vivo was
TABLE 12.1
Targeting Systems Utilizing Antibodies Currently in Use to Treat Cancer

Mechanism
Antibody

Target Trade Name

Agonist activity CD40, CD137 Various

Antagonist activity CTLA4 MDX-010

Angiogenesis inhibition VEGF Avastine

Antibody-dependent cell-mediated cytotoxicity CD20 Rituxanw, HuMax-CD20, Zevalinw

Inhibition of binding of extracellular growth signals HER-2/neu Herceptin

Receptor blockage EGF receptor HuMax-EGFr

Toxin-mediated killing CD33 Mytotargw

Disruption signaling HER-2/neu Pertuzumab (2C4)

Complement-dependent cytotoxicity CD20 Rituxanw, HuMax-CD20

Blockage ligand binding EGF receptor Erbutixe

Antibody-dependent lysis of leukemic cells following

cell binding

CD52 Campathw

Inhibits phosphorilation of tyrosine kinases EGF receptor Iressa
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accomplished in this study. Nonspecific uptake was seen in the liver and spleen with little or no

uptake in other organs.
12.7 TARGETED NANOPARTICLES AND IMAGING OF CANCER

Hofmann and collaborators have evaluated the ability of super paramagnetic iron oxide nanoparti-

cles (SPION) to interact with human melanoma cells in such a way that these particles could be

selectively targeted to tumor cells ands then imaged using MRI.74 They varied the coating placed on

these particles and found that when comparing particles coated with poly(vinyl alcohol) (PVA), a

vinyl alcohol/vinyl amine copolymer (amine-SPION), PVA with randomly distributed carboxylic

groups or PVA with randomly distributed thiol groups, human cells in culture would interact strongly

only with the amine-SPION particles. Furthermore, these particles showed the lowest cytotoxicity.

This human study involved intravenous administration of Combidex (Advanced Magnetics,

Inc., ferumoxtran-10, a molecular imaging agent of iron oxide nanoparticles and a dense packing of

dextran derivatives) to 18 men ages 21–46 with diagnosed testicular cancer.75 The Combidex was

imaged using MRI. From this study, it seems evident that those lymph nodes with a higher signal

were classified as being malignant. However, based on the information from Advanced Magnetics,

these particles should accumulate selectively in noncancerous lymph node tissue. The particles are

still experimental and rightly so.

Although treatment of cancer with targeted nanoparticles is an important goal, more accurate

imaging of cancer is needed to allow for the optimal treatment for each patient. Towards that end,

a considerable amount of research is underway with various imaging techniques to establish more

accurate determination of the presence and extent of cancer growth and metastases. Because magnetic

resonance imaging (MRI) is a widely used imaging technique, much work is currently being done to

develop targeted imaging agents for MRI. Some of these involve paramagnetic and superparamag-

netic iron oxides due to their ability to affect water relaxation times T1 and T2. Gasco and collaborators

have prepared solid lipid nanoparticles containing Endorem, superparamagnetic iron oxide nanopar-

ticles (Guebert and Advanced Magnetics), using either a multiple emulsion technique or an oil in

water emulsion technique.76 Although the loading rates achieved were less than 1 wt% iron, it was

possible to detect and image in vivo in rats. Incorporation of the Endorem in the SLN allowed passage

across the blood brain barrier, passage which was not possible with Endorem alone.

Often development of nanoparticle systems is a two-pronged approach involving both drug and

imaging agent. If a targeting system is successful, one should be able to enhance the imaging of a

cancer and then kill it with the same system. One such study involved the preparation of glycol–

chitosan nanoaggregates to which either fluorescein isothiocyanate (FITC) or doxorubicin (Dox)

was conjugated.12 Based on a single tail-vein injection of FITC-conjugates, levels remained high for

eight days and gradually increased in the tumors of rats with II45 mesothelioma cells, in the kidney,

and to a lesser extent in the spleen. Meanwhile, levels decreased in other organs. The liver showed

some accumulation at day 3 but was significantly lower at day 8 relative to days 1 and 3. The

performance of these systems, as evidenced by a decrease in tumor volume, was excellent with a

consistent decrease in tumor volume after day 13 when a tail-vein injection of Dox-nanoaggregates

is given at days 13 and 19.
12.8 OTHER TARGETS FOR CANCER

A new approach to targeting is the use of lectins, which are plant proteins that specifically recognize

cell surface carbohydrates. The latter function as selective cancer-cell-targeting agents. PLGA

nanoparticles of mean diameter 331 nm incorporating isopropyl myristate were used to deliver

paclitaxel to malignant A549 and H1299 and normal CCL-186 pulmonary cells in vitro by means of

wheat germ agglutinin lectin as the targeting molecule. The in vitro cytotoxicity against A549 and
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H1299 cells was significantly increased with wheat germ agglutinin-conjugated PLGA nanoparti-

cles containing IPM and paclitaxel compared to controls.77 In a subsequent study, Mo and Lim

evaluated in vivo efficacy of the same nanoparticles in a SCID mouse model injected with an A549

tumor nodule.78 One injection of wheat germ agglutinin-conjugated PLGA nanoparticles

containing IPM and a paclitaxel dose of 10 mg/kg inhibited tumor growth without appreciable

weight loss. Tumor doubling was increased to 25 days compared to 11 days for conventionally

formulated paclitaxel.
12.9 AVIDIN AND BIOTIN TARGETING

Although it is by far the most widely utilized polymer for surface modification of nanoparticles,

PEG is not the only compound that can be included at the surface of nanoparticles. Nor is it

necessary to achieve active targeting. Saltzman has recently reported a method for incorporating

avidin-fatty acid conjugates into the surface of PLGA nanoparticles.79 This method resulted in

avidin at the surface of the nanoparticles that remained active for weeks. The ability of these

nanoparticles to target to biotin was verified by targeting of the nanoparticles to biotinylated

agarose beads. Not only could this system be used for targeted delivery; it can also be utilized to

selectively modify surfaces for tissue engineering.

In another such example, Hunziker has prepared biotin-functionalized (poly(2-methyl-

oxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyl-oxazoline) triblock copolymers.80 The

biotinylated targeting agents were added using streptavidin as a coupling agent. Uptake of these

“nanocontainers” was seen in the presence of the target receptor, the macrophage scavenger

receptor SRA1, but not in the absence of this target.
12.10 CONCLUSIONS

The amount of research in targeted, polymeric nanoparticles for cancer imaging and therapy has

increased dramatically in the past 5–10 years. Seeing actual products using targeted therapies has

no doubt fueled that work. In the next decade, we will certainly see products, whether with

polymeric nanoparticles or some other type of delivery system, using folate receptors and carrying

imaging agents. All of these technologies, driven by the fields of fundamental immunology,

biochemistry, polymer chemistry, and biomedical engineering, are bringing us closer to the time

when cancer may be treated on an individual basis. One patient’s diagnosis and treatment will be

unique to her condition and will be the most effective treatment possible for her. Until other

scientists determine how to stop cancer from occurring, those mentioned in this chapter and

many more besides them are doing their best to eliminate cancer.
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13.1 INTRODUCTION

During the past few decades, there have been extensive efforts in the treatment and cure of cancer

that is still the second leading cause of death next to the cardiovascular diseases. With advances in

research techniques, there has been a surge of therapeutic agents in the form of proteins and nucleic

acids as a source of new chemical entities for the treatment of cancer.1–7 However, effective

delivery of these novel agents to the target tissue has always been a problem.

The therapeutic agents used in cancer treatment are generally administered in the systemic

circulation. The drug carrier, therefore, must overcome physiological barriers to reach the tumor

cell in sufficient concentrations and to reside for the necessary duration to exert the pharma-

cological effect. These barriers include transport of the drugs within the blood vasculature and

transport from the vasculature into the surrounding tumor tissues and through the interstitial spaces

within the tumor. Solid tumors are characterized by vasculature that is heterogeneous in size and

distribution, having a central avascular/necrotic region and vascularized peripheral region with
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discontinuous endothelium in the microvessels. Depending on the anatomic region of the tumor, the

pore size of the endothelial junctions is found to vary from 100 to 780 nm with a mean of

approximately 400 nm.8–11 Tumor vasculature is also characterized by a lack of lymphatic drai-

nage.12–14 In addition to the complexity of tumor physiology, the development of multi-drug

resistance (MDR) in tumor cells exacerbates the problem of achieving selective toxicity in

tumor tissues.

Typically, a tumor consists of neoplastic cells, stromal cells, and the extracellular matrix and is

associated with blood vessels, nerves, and immune cells that form an integral part of the stroma.15,16

The tumor also contains leukocytes, fibroblasts, and other extracellular elements. The majority of

the infiltrated leukocytes are macrophages, more popularly referred to as tumor-associated macro-

phages (TAM). They have increased phagocytic activity and play an active role in tumor

progression. The presence of these activated macrophages in large numbers might lead to enhanced

clearance of a drug-carrying vector from the tumor microenvironment.15–18
13.2 POLYMERIC NANOPARTICLES

Sub-micronic particles prepared from polymers are becoming increasingly popular for the delivery

of drugs or genes to tumor tissues. When compared to all other colloidal delivery systems, nano-

particles have better stability in plasma and higher encapsulation efficiency, and they are amenable

to large-scale preparation. These nanoparticles can be used to increase the solubility of hydrophobic

drugs, lower the toxicity of drugs with a high therapeutic index, and enhance the stability of the

payload, in the case of DNA, by protecting it from degradation by extracellular enzymes. Further-

more, these particles permit controlled release of the payload at the target site at relatively low

doses.19 In addition, there is a wide range of polymeric materials whose physicochemical properties

can be tailored to achieve polymeric nanoparticles of the required nature.

Passive targeting of these particles at the tumor sites is generally achieved by the enhanced

vascular permeability and lack of lymphatic drainage, together termed the enhanced permeability

and retention effect (EPR) (Figure 13.1).12–14 The accumulation of polymeric nanoparticles

carrying drugs is dependent on the physical chemistry of the polymer, including molecular

weight, surface charge, nature of the polymer, etc. The EPR is one of the main reasons for the

success of polymeric nanoparticles in targeting tumors. Site-specific or active targeting of these

particles can be achieved by conjugating with targeting moieties or ligands that are specific to the

tumor cells. These targeting moieties present on the polymer backbone are used to exploit

the differences between tumor cells and normal cells through receptor-mediated endocytosis.

Active targeting, in particular, can be used to overcome the obstacle of tumor metastasis and to

increase the specificity and efficacy of the polymeric carrier system. Transferrin, folate, epidermal

growth factor, and argenine–glycine–aspartic acid (RGD) tripeptide are some of the moieties that

are used for targeting tumor cells.7,20–26

The major drawback to the use of nanoparticles in cancer therapy is their initial burst release of

the drug upon administration into systemic circulation that is followed by slow controlled release

of the encapsulated drug. The polymers used in the preparation of nanoparticles generally lack the

ability to encapsulate both hydrophilic and hydrophobic drugs in the same polymer system (i.e., the

hydrophilic drugs have to be encapsulated in a hydrophilic polymer). Some of the synthetic poly-

mers have cytotoxicity issues associated with them. However, this difficulty could be overcome by

using biosynthetic polymers that are biodegradable and modified to have physicochemical proper-

ties similar to those of the synthetic polymers. The use of polymeric nanoparticles for systemic

delivery must be limited to non-cationic or surface-modified polymers to prevent adsorption of

plasma proteins onto the surface of the nanoparticles. Furthermore, some of the naturally occurring

polymers have immunogenic reactions when injected into blood; such reactions could be prevented

through the use of non-immunogenic biopolymers now available.
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FIGURE 13.1 Schematic of enhanced permeability and retention effect. Passive targeting to the tumor cells is

achieved by the extravasation of the polymeric nanoparticles through the leaky vasculature of the blood

capillaries in the tumor. The leaky vasculature, along with the lack of lymphatic drainage, is called the

EPR effect and is used to passively target nanocarriers to the tumor.
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13.3 NANOPARTICLES FOR DRUG DELIVERY

The majority of the chemotherapeutic agents used in cancer therapy are low molecular weight drugs

with a high volume of distribution, leading to the presence of toxic compounds throughout the

body. These drugs must be given in high doses in order to reach therapeutic levels in tumor tissues.

In the process, healthy tissues are exposed to cytotoxic drugs, resulting in side effects such as bone

marrow suppression, alopecia, anorexia, etc. The low molecular weight anti-cancer agents are also

rapidly cleared from the body. Continuous treatment of tumor cells with these drugs would exacer-

bate the problem of MDR that is one of the main reasons for the failure of chemotherapy.19

Numerous efforts in improving cancer chemotherapy have focused on increasing the thera-

peutic index and reducing the non-selective cytotoxicity of the drugs in use. Macromolecular

carriers such as polymer conjugates, liposomes, microspheres, and nanoparticles are used for

this purpose. Of these, the nanoparticles have been promising, mainly because of their advantages

over other novel drug delivery vehicles such as their safety, enhanced stability, possibility of

tailoring and surface modification, and industrial scale-up.27 Nanoparticles prepared from

polymer–drug conjugates have altered pharmacokinetic distribution and increased pharmacological

activity at tolerable doses. This is due mainly to the controlled release of the drug and reduced renal

clearance of the low molecular weight drugs.

The concept of targeting drugs at the site of action was first described as “magic bullets” by

Paul Ehrlich.28 Later, Ringsdorf presented a model of the polymer–drug conjugate that could be

used to improve chemotherapy drugs for cancer.29 The conjugation or encapsulation of these low

molecular weight drugs within polymeric nanoparticles has distinct advantages: Increased plasma

half-life of low molecular weight drugs; increased solubility of hydrophobic drugs; and controlled

release of the drug at lower doses. The targeting of these nanoparticles to the tumor tissues is

achieved either passively by the EPR effect or actively by surface conjugating a tumor-specific

ligand.30
13.4 NANOPARTICLES FOR GENE DELIVERY

Due to the complexity and heterogeneity in cancer, gene therapy can provide a unique approach for

treatment. Research on gene therapy focuses on the successful in vivo transfer of genes to the target

tissue for the sustained expression of the genes of dysfunction. Various vectors, both viral and non-

viral in origin, are used for this purpose.31–34 The limitations associated with viral vectors, namely

issues of integration with the host genome, self-replication, recombination potential, and
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immunogenicity, have encouraged researchers to seek alternatives such as nanoparticles, lipo-

somes, and other cationic complexes.35–37 Despite the low transfection efficiency associated with

these non-viral vectors, they have the advantages of safety and high encapsulation efficiency. The

DNA complexes of cationic liposomes and polymers have high transfection efficiency in vitro;

however, owing to their toxicity and rapid clearance, these formulations have limited efficiency

in vivo. The cationic liposomes and polymers, being positively charged, form aggregates with the

negatively charged serum proteins and opsonins, resulting in enhanced phagocytosis and clearance

from the blood circulation.38

In addition to cationic polymers, several other natural and synthetic polymers have been used in

preparing DNA-encapsulated nanoparticles. Polymeric nanoparticles are increasingly popular,

owing to such advantages as their small size, ease of production, and administration. Several

polymers have been investigated as vectors for gene delivery applications. There has been a fair

amount of success in reducing immunogenicity and cytotoxicity with the concomitant enhancement

of the efficiency of transfection with these polymers. Besides protecting the DNA from degradation,

the nanoparticles enhance the targeting of tumor tissues.38
13.5 LONG-CIRCULATING NANOPARTICLES

Long-circulating nanoparticles can be created through surface modification of conventional nano-

particles with water-soluble polymers such as polyethylene glycol (PEG) or polyethylene oxide

(PEO) (Figure 13.2). The hydrophilic nature of these surface modifiers minimizes the interactions

between the nanoparticles and plasma proteins (opsonins), resulting in reduced uptake by the

reticulo-endothelial system (RES). The major outcome of modification with PEG or other hydro-

philic flexible polymers is a significant increase in circulation time, the advantages of which include

maintenance of optimal therapeutic concentration of the drug in the blood after a single adminis-

tration of the drug carrier, increased probability of extravasation and retention of the colloidal

carrier in areas of discontinuous endothelium, and enhancement in targetability of the system by use

of a target-specific ligand.39

The protective action (Stealthw property) of PEG is mainly due to the formation of a dense,

hydrophilic cloud of long polyethylene chains on the surface of the colloidal particle that reduces

the hydrophobic interactions with the RES. The tethered or chemically anchored PEG chains can
(b)(a)

PEG PPO

PEO PEO

FIGURE 13.2 Schematic of long-circulating polymeric nanoparticles. The polymeric nanoparticles are made

long-circulating by surface modification. The nanoparticles prepared from a hydrophilic polymer are modified

using poly(ethylene glycol) (a), and the nanoparticles prepared from hydrophobic polymers are modified using

Pluronicw, a triblock co-polymer of poly(ethylene oxide) and poly(propylene oxide) (b).
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undergo spatial conformations, thereby preventing the opsonization of particles by the RES of the

liver and spleen and improving the circulation time of molecules and particles in the blood. The

greater the flexibility of the polymer, the greater the total number of possible conformations and

transitions from one conformation to another.40–43 Water molecules form a structured shell through

hydrogen bonding to the ether oxygens of PEG. The tightly bound water around PEG chains forms a

hydrated film around the particle and prevents protein interactions.44 Furthermore, PEGylation may

also increase the hydrodynamic size of the particles, decreasing their clearance through the kidneys,

renal filtration being dependent on molecular mass and volume. This would ultimately result in an

increase in the circulation half-life of the particles.45,46

The size, molecular weight, and shape of the PEG fraction and the linkage used to connect it to

the entity of interest determine the consequences of PEGylation in relation to protein adsorption

and pharmacokinetics such as volume of distribution, circulation time, and renal clearance. When

formulated into colloidal particles, the PEG density on the colloidal surface can be changed by

using PEG of appropriate molecular weight (PEG chain length) and molar ratio (the grafting

efficiency). Longer PEG chains offer greater steric influence around the colloidal entity, similar

to increased grafting density with shorter PEG chains. Longer PEG chains may also collapse onto

the nanoparticle surface, providing a hydrophilic shield.40

Besides PEG, other hydrophilic polymers, including polyvinyl alcohol, polyacryl amide, poly-

vinyl pyrrolidone, poly-[N-(2-hydroxypropyl)methacrylamide], polysorbate-80, and block

co-polymers such as poloxomer (Pluronicw) and poloxamine (Tetronicw), are also being used to

modify the physicochemical properties of the colloidal carriers.32,47,48

The polymeric nanoparticles modified with PEG or PEO are mainly used to passively target

tumors through the EPR effect. The surface-modified long-circulating polymeric nanoparticles are

used to deliver both genes and drugs to the tumor tissues. Some of the polymeric nanoparticulate

systems that were developed by this group will be discussed in the sections that follow.
13.6 ILLUSTRATIVE EXAMPLES OF POLYMERIC NANOPARTICLES

FOR DRUG DELIVERY

13.6.1 POLYETHYLENE OXIDE-MODIFIED POLY(b-AMINO ESTER) NANOPARTICLES

A representative biodegradable, hydrophobic poly(b-amino ester) (PBAE) with pHsensitive

solubility properties was synthesized by conjugate addition of 4,4 0-trimethylenedipiperidine with

1,4-butanediol diacrylate, developed in Professor Robert Langer’s lab at Massachusetts Institute of

Technology. The paclitaxel-loaded nanoparticles (150–200 nm) prepared from PBAE were

modified with Pluronicw F-108 (poloxamer 407), a triblock copolymer of polyethylene oxide/po-

lypropylene oxide/polyethylene oxide (PEO/PPO/PEO). The PPO segment of the triblock polymer

attaches to the hydrophobic surface of the nanoparticles, and the hydrophilic PEO segment contrib-

utes to the stealth properties of the polymeric nanoparticles. The pH-sensitive nature of the particles

prepared from PBAE has already been shown by in vitro release studies carried out in the presence

of buffers of pH ranging from 5.0 to 7.4 and was found to rapidly degrade in a medium of pH less

than 6.5. Therefore, these nanoparticles were expected to readily release their contents within the

acidic tumor microenvironment and in the endosomes and lysosomes of the cells upon internal-

ization. This was confirmed by the in vitro cellular uptake of the PEO–PBAE nanoparticles

encapsulated with tritiated [3H]-paclitaxel by human breast adenocarcinoma cells (MDA-

MB231).49,50

The biodistribution of these PEO-modified PBAE nanoparticles was carried out by encapsu-

lating a lipophilic form of the radionuclide indium-111 (111indium oxine). Following tail vein

injection in nude mice bearing a human ovarian xenograft, the radiolabeled PEO-modified

PBAE nanoparticles were found to accumulate in the highly perfused organs such as the liver,

spleen, and lungs with greater entrapment in the microvasculature of the lungs during the initial
q 2006 by Taylor & Francis Group, LLC



Nanotechnology for Cancer Therapy236
time points. The increasing concentrations in the kidney also indicate that the nanoparticles, once

internalized, were disintegrated and eliminated through the kidney. The plasma half-life of the

unmodified nanoparticles was reported to be one to ten minutes. By virtue of surface modification

with PEO, the PBAE nanoparticles were shown to have improved circulation times, resulting in a

mean residence time in the systemic circulation of 21 h. The paclitaxel-encapsulated PEO–PBAE

nanocarriers were found to deliver the drug efficiently to solid tumors, resulting in a 5.2-fold and

23-fold higher concentration of the drug at one hour and five hours post-administration relative to

the solution form of the drug.40 From the tumor accumulation of the paclitaxel-loaded (3H-labeled)

nanoparticles, it is evident that the pH-sensitive PEO–PBAE nanoparticle formulations can deliver

significantly higher concentrations of the drug into the tumor than the solution form.
13.6.2 POLY(ETHYLENE OXIDE)-MODIFIED POLY(3-CAPROLACTONE) NANOPARTICLES

Poly(3-caprolactone) (PCL) is another biodegradable polymer that has been used to encapsulate

hydrophobic drugs. Using this polymer, nanoparticles were prepared by solvent displacement in an

acetone-water system in the presence of Pluronicw. The solvent displacement technique used for

the preparation of PCL nanoparticles facilitates instant adsorption of PPO–PEO groups when the

organic solution of the polymer is introduced into aqueous solution containing the stabilizer.51 In

addition, it also favors the encapsulation of hydrophobic drugs such as tamoxifen that could be

dissolved along with the polymer in the organic phase, resulting in a high entrapment efficiency of

greater than 90% at loading levels of 20% of the weight of the drug. The intracellular uptake of

these nanoparticles in MCF-7 estrogen receptor-positive breast cancer cells and MDA-MB231

human breast adenocarcinoma cells was monitored at different time points using tritiated [3H]-

tamoxifen. The results showed that the cell uptake followed saturable kinetics with most of the

nanoparticles being internalized within the first 30 min of incubation.52

The in vivo disposition of these PEO-modified PCL nanoparticles was completed in mice

bearing MDA-MB231 xenograft breast cancer tumors as it is a well-characterized and simpler

model compared to MCF-7 that requires estrogen priming for growth. This study was used to

compare the biodistribution profiles of the nanoparticles modified by the Pluronicw F-68 containing

30 residues of propylene oxide (PO) and 76 residues of ethylene oxide (EO) with those of Pluronicw

F-108 that has 56 PO residues and 122 EO residues. The nanoparticulate formulations encapsulated

with radiolabled tamoxifen were used. As expected, upon intravenous administration, the Pluronicw-

modified nanoparticles had higher tumor concentrations in comparision to the tamoxifen solution

and drug-loaded, unmodified nanoparticles. At early time points (one hour), the nanoparticles

modified with Pluronicw F-108 had greater concentration in the tumor with no significant difference

in the concentration of the Pluronicw-modified formulations at six hours post-injection. A similar

trend has been observed in plasma concentration-time profiles with PEO–PCL formulations circu-

lating for a longer time than the controls.40

In a parallel study, the PEO-modified PCL nanoparticles were radiolabeled by a similar

procedure specific to PEO–PBAE nanoparticles. The nanoparticles, encapsulated with [3H]

tritium-labeled paclitaxel, were used to understand the change in concentration and localization

of the drug in ovarian tumors (SKOV3). From the biodistribution studies, it was shown that the

modification of PCL nanoparticles with PEO had extended the mean residence time to up to 25 h.

Hydrophobic drugs such as paclitaxel were found to have high plasma concentrations as a result of

their protein binding capacity; however, they were cleared from the blood within 24 h. The

circulation time of such drugs has been enhanced by encapsulating them in PEO–PCL nanoparticles

that, in turn, has resulted in higher concentrations of the drug in the tumors. The PEO–PCL

nanoparticles have resulted in an 8.7-fold increase in drug concentration at five-hour time points

when compared to the solution form of the drug.40

In another study, PEO-modified PCL nanoparticles were used for combination therapy of

ceramide with paclitaxel in order to overcome MDR, particularly in cases of breast and ovarian
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cancers. Several MDR specimens of cancer were found to exhibit elevated levels of the enzyme

glucosylceramide synthease (GCS) (also called ceramide glucosyl transferase) that is responsible

for the inactivation of ceramide, a messenger in apoptotic signaling to its non-functional moiety

glucosylceramide.53–55 These findings suggest the importance of the role of ceramide in the

mediation of a cytotoxic response and its function as an apoptotic messenger in the signaling

pathway.

To potentially overcome MDR in ovarian cancer cell lines, C6-ceramide has been encapsulated

along with paclitaxel into PEO-modified PCL nanoparticles. Upon treatment of the cells with

paclitaxel, the MDR cell line SKOV3/TR exhibited 65.65G2.16% viability at 1 mM dose; the

sensitive cell line SKOV3 showed 16.37G0.41% viability at 100 nM dose. Co-treatment of

these cells along with 20 mM C6-ceramide in addition to paclitaxel (1 mM in the case of a resistant

cell line and 100 nM in a sensitive cell line) resulted in a cell viability of 2.69G0.51% with the

resistant cells and 7.38G1.25% with the sensitive cell lines, indicating a significant increase in cell

death when compared to the paclitaxel treatment alone. Furthermore, the co-encapsulation of these

drugs within PEO–PCL nanoparticles resulted in enhanced cell kill compared to the drugs alone.

A 10 nM dose of paclitaxel, delivered in combination with ceramide in PEO–PCL nanoparticles,

resulted in 63.98G4.9% viability, and the free drugs in solution at these doses did not provoke any

cell kill in the resistant cell line. The use of these drug-loaded nanoparticles resulted in a 100-fold

increase in chemosensitivity of the MDR cells. These results demonstrate the clinical use of

PEO–PCL nanoparticles in overcoming MDR by combination therapy.
13.7 ILLUSTRATIVE EXAMPLES OF POLYMERIC NANOPARTICLES

FOR GENE DELIVERY

13.7.1 POLYETHYLENE GLYCOL-MODIFIED GELATIN NANOPARTICLES

To develop safe and effective systemically administered non-viral gene therapy vectors for solid

tumors, PEGylated gelatin was synthesized and fabricated into nanoparticles. The PEG-modified

gelatin was synthesized by reacting Type-B gelatin with PEG-epoxide that was further confirmed

by electron spectroscopy for chemical analysis (ESCA), the results of which had shown an increase

in the presence of an ether carbon (–C–O–) peak in the PEGylated gelatin nanoparticles. The

experiments performed using these polymeric nanoparticulate carriers proved their ability to encap-

sulate DNA, improved transfection efficiency in vitro, and enhanced the biodistribution profile

when the carriers were injected into mice bearing tumors.56–58

The in vitro cytotoxicity assays indicate that both gelatin and PEGylated gelatin are non-toxic

to the cells. The cell uptake and trafficking studies of the control (gelatin) and PEGylated gelatin

nanoparticles encapsulated with electron-dense gold nanoparticles confirmed that the particles were

internalized by an endocytic pathway and remained stable during the vesicular transport. Further,

the transfection studies carried out using the DNA (pEGFP-N1) encapsulated nanoparticles were

internalized in NIH-3T3 fibroblast cells within the first six hours of incubation. Green fluorescent

protein expression was observed after 12 h of nanoparticle incubation and remained stable for up to

96 hours. Flow cytometry results showed that the DNA transfection efficiency of PEGylated gelatin

nanoparticles was better than that of gelatin.57

In order to determine the biodistribution profile, nanoparticles were radiolabeled with iodine-

125 [125I] and intravenously injected into mice bearing Lewis lung carcinoma (LLC) tumors. From

the radioactivity of the plasma and other organs collected, it was evident that the majority of the

PEGylated gelatin nanoparticles remained in the blood pool or were taken up by the tumor mass and

liver. A two-fold increase in concentration of the PEGylated nanoparticles was observed in plasma

even at three-hour time points, and about 4–5% of the recovered dose of PEGylated gelatin

nanoparticles was found to be present in the tumor mass for up to 12 h. Upon non-compartmental

pharmacokinetic analysis of the plasma and tumor concentration-time profiles, it was observed
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that PEGylated gelatin nanoparticles had greater mean residence time in plasma and a more than

six-fold increase in half-life in the tumor. The results of this study showed the stealth nature of

the PEGylated gelatin nanoparticles in avoiding uptake by RES, allowing the nanoparticles to

circulate longer in plasma.59

The in vivo transfection efficiency of plasmid DNA-encapsulated (pCMV-b encoding

b-galactosidase) PEGylated gelatin nanoparticles was evaluated by injecting these nanoparticles

intravenously into LLC tumor-bearing female C57BL/6J mice. Following systemic administration,

the animals were sacrificed, and the transgene expression in different organs was quantitatively

determined by using o-nitrophenyl-b-d-galactopyranosidase (ONPG), a clear substrate of

b-galactosidase that is converted to a yellow-colored product with an absorbance maximum at

420 nm, and qualitatively by X-galw tissue staining. When compared to the gelatin nanoparticles,

the PEGylated gelatin nanoparticles were found to efficiently transfect the tumor cells with the

b-galactosidase expression increasing at time points up to 96 h post-transfection with the absor-

bance value at 420 nm increasing from 0.6 to 0.85 starting from 12 h post-transfection. The results

of these studies clearly indicate that the long circulating, biocompatible, and biodegradable nano-

particles of PEGylated gelatin would be ideal for gene delivery applications to solid tumors.60

13.7.2 POLYETHYLENE GLYCOL-MODIFIED THIOLATED-GELATIN NANOPARTICLES

Another study synthesized thiolated gelatin and formulated it into nanoparticles that could rapidly

release their payload in the presence of a high concentration of glutathione. The thiolated gelatins

with different degrees of thiolation were characterized by Ellman’s assay to determine degree of

thiolation and by in vitro cytotoxicity assay. Upon carrying out the qualitative and quantitative

transfection studies, the nanoparticles of thiolated gelatin, made with 20 mg of aminothiolane per

gram of gelatin (SHGel-20) and encapsulated with plasmid DNA (pEGFP-N1), were found to have

higher transfection efficiency in mouse fibroblast (NIH-3T3) cells in vitro (Figure 13.3).61

These nanoparticles, prepared by the desolvation method, were post-PEGylated with polyethy-

lene glycol-succinimidyl glutarate (PEG-SG) of molecular weight 2,000 Da. The radiolabeled

(111Indium) long-circulating (PEG-modified) thiolated-gelatin nanoparticles were injected intrave-

nously into mice bearing human breast cancer (MDA-MB435) xenografts. The biodistribution and

pharmacokinetics of these particles were compared to those of nanoparticles prepared from thio-

lated-gelatin, gelatin, and PEG-modified gelatin. The unmodified gelatin and thiolated gelatin

nanoparticles were shown to have a plasma half-life of approximately three hours. Upon modifi-

cation with PEG, the nanoparticles were found to have prolonged circulation times extending up to

10.7 h in the case of PEG-gelatin and 15.3 h with PEG-thiolated-gelatin nanoparticles. The

successful surface hydrophilization of the gelatin and thiolated gelatin nanoparticles resulted in

enhanced circulation times with almost 7% of the dose remaining in plasma at 12 h. The results also

showed that the thiolated-gelatin nanoparticles (both non-modified and PEG-modified) had greater

accumulations in the tumor than the nanoparticles prepared from non-thiolated gelatin. These

thiolated-gelatin nanoparticles that are an improvement over gelatin nanoparticles can be made

long-circulating by surface modification with PEG, and they can be used for rapid delivery of the

payload the tumor tissues. The mechanisms of long-circulation through steric hindrance when in

circulation and preferential accumulation in the tumor mass or inside the cells as a result of the cleav-

age of the disulfide bonds (arising from thiolation) in the highly reductive tumor-microenvironment

can be exploited for the delivery of drugs and genes in clinical applications.40,61
13.8 CONCLUDING REMARKS

There are multiple factors affecting the delivery of drugs and genes to tumors. Factors such as blood

flow, angiogenesis, microvessel density, interstitial pressure, macrophage activity, extracellular and

intracellular components, and, most importantly, the physicochemical properties of the drug carrier
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FIGURE 13.3 Transfection images of mouse fibroblast (NIH3T3) cells treated with thiolated-gelatin nano-

particles encapsulated with plasmid DNA (pEGFP-N1). The images show fluorescence of the expressed green

fluorescent protein at 6 h (a) and 96 h post-transfection (b).
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play an important role in the transport of drugs and macromolecules to tumors. This lab is particu-

larly interested in enhancing the transport of drugs and genes to tumors by altering the

physicochemical properties of the polymeric carrier used to encapsulate the drugs and genes. As

shown in the illustrative examples, the biodistribution properties of the polymeric carriers could be

modified using hydrophilic polymers such as PEG and PEO. This therapeutic strategy could be used

to alter the passive/active targeting ability of the drug and gene carriers. However, the delivery of

these newer agents is still a challenge, highlighting the necessity of additional research in this area.
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14.1 INTRODUCTION

Despite significant efforts in the field of oncology, cancer remains one of the leading causes of death

in industrialized countries.1 Of the various options available, surgery and radiation therapy are

commonly used to treat localized tumors whereas chemotherapy is primarily used in the manage-

ment and elimination of hematological malignancies and metastasized tumors.2 The major

limitation of the current cancer chemotherapeutics is their high pharmacokinetic volume of distri-

bution and rapid elimination rates, requiring more frequent and high dose administration of these

agents.3 Therefore, cancer chemotherapeutics cause unacceptable damage to normal tissue when

used at doses required to eradicate cancer cells. Furthermore, multidrug resistance in tumor cells

exacerbates the problem of cancer chemotherapy.4–7 Selective delivery of anti-cancer drugs to the

tumor tissue offers a formidable solution to the problem. This could significantly enhance the

therapeutic efficacy of these drugs and diminish their toxicity.8,9 The overall goal of drug delivery

strategies is to selectively attack cancer cells while saving normal tissue from drug toxicity.10,11

The other issue with cancer chemotherapeutics is their systemic delivery, as most of these agents

are poorly water soluble. Hence they require adjuvant or excipients to dissolve, which are often

associated with serious side effects.12 Therefore, drug carrier systems which would address the
243

ncis Group, LLC



Nanotechnology for Cancer Therapy244
above problem of delivery as well as target drugs selectively to the tumor would be a major

advancement in cancer chemotherapy. Many macromolecular carriers, including soluble synthetic

and natural polymers, implants, liposomes, microspheres, dendrimers, nanoparticles, etc., have

been tested for selective delivery of drugs to the tumor tissue.13
14.2 GENERAL PRINCIPLES OF DRUG TARGETING TO CANCER

14.2.1 PASSIVE TARGETING

Passive targeting refers to the accumulation of drug or drug-carrier system at a particular site due to

physicochemical or pharmacological factors. Permeability of the tumor vasculature increases to the

point where particulate carriers such as nanoparticles can extravasate from blood circulation and

localize in the tumor tissue.14,15 This occurs because as tumors grow and begin to outstrip the

available supply of oxygen and nutrients, they release cytokines and other signaling molecules that

recruit new blood vessels to the tumor, a process known as angiogenesis.16 Angiogenic blood

vessels, unlike the tight blood vessels in most normal tissues, have gaps as large as 600–800 nm

between adjacent endothelial cells. Drug carriers in the nanometer size range can extravasate

through these gaps into the tumor interstitial space.17,18 Because tumors have impaired lymphatic

drainage, the carriers concentrate in the tumor, resulting in higher drug concentration in the tumor

tissue (10-fold or higher) than that can be achieved with the same dose of free drug. This is

commonly referred to as enhanced permeability and retention, or the EPR effect.

14.2.2 ACTIVE TARGETING

Active targeting to the tumor can be achieved by molecular recognition of cancer cells either via

ligand–receptor or antibody–antigen interactions. Active targeting may also lead to receptor-

mediated cell internalization of drug carrier system. Nanoparticles and other polymer drug-

conjugates offer numerous opportunities for targeting tumors through surface modifications

which allow specific biochemical interactions with the proteins/receptors expressed on target

cells.19,20 For active and passive targeting of drug carrier systems, it is essential to avoid their

uptake by the reticuloendothelial system (RES) so that they remain in the blood circulation and

extravasate in the tumor vasculature. Particles with more hydrophobic surfaces are preferentially

taken up by the liver, followed by the spleen and lungs.21,22 Size of nanoparticles as well as their

surface characteristics are the key parameters that can alter the biodistribution of nanoparticles.

Particles smaller than 100 nm and coated with hydrophilic polymers such as amphiphilic polymeric

compounds which are made of polyethylene oxide such as poloxamers, poloxamines, or polyethy-

lene glycol (PEG) are being investigated to avoid their uptake by the RES. To improve the efficacy

of targeting cancer chemotherapeutics to the tumor, a combination of passive and active targeting

strategy is being investigated where long-circulating drug carriers are conjugated to tumor cell-

specific antibody or peptides.23 In addition to the above approach, direct intratumoral injection of

the carrier system is feasible if the tumor is localized and can be accessed for administration of a

carrier system.24
14.3 PLGA AS A POLYMER FOR NANOPARTICLES

A number of different polymers, both synthetic and natural, have been utilized in formulating

biodegradable nanoparticles. Synthetic polymers have the advantage of sustaining the release of

the encapsulated therapeutic agent over a period of days to several weeks as compared to natural

polymers which, in general, have a relatively short duration of drug release. The polymers used for

the formulation of nanoparticles include synthetic polymers such as polylactide–polyglycolide

copolymers, polyacrylates, and polycaprolactones, or natural polymers such as albumin, gelatin,
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alginate, collagen, and chitosan. Of these polymers, polylactides (PLA) and poly (D,L-lactide-co-

glycolide) (PLGA) have been most extensively investigated for drug delivery applications.19

PLGA/PLA-based polymers have a number of advantages over other polymers used in drug and

gene delivery, such as their biodegradability, biocompatibility, and approval by the FDA for human

use.19,25 PLGA/PLA polymers degrade in the body through hydrolytic cleavage of the ester linkage

to lactic and glycolic acid, although there are reports of involvement of enzymes in their biode-

gradation.19,25 These monomers are easily metabolized in the body via Krebs’ cycle and eliminated

as carbon dioxide and water. Biodegradation products of PLGA and PLA polymers are formed at a

very slow rate, and they therefore do not affect normal cell function.26 Furthermore, these polymers

have been tested for toxicity and safety in extensive animal studies and are currently used in

humans for resorbable sutures, bone implants and screws, contraceptive implants,27,28 and also

as graft materials for artificial organs and supporting scaffolds in tissue engineering research.28–30

Long-term biocompatibility of these polymers was demonstrated by the absence of any untoward

effects on intravascular administration of nanoparticles formulated using these polymers to the

arterial tissue in pig and rat models of restenosis.31
14.4 APPLICATION OF PLGA/PLA NANOPARTICLES AS DRUG DELIVERY

VEHICLES TO CANCER TISSUES

There are several studies regarding PLGA/PLA nanoparticles or some modification of these poly-

mers for delivery of anti-cancer agents and other therapeutic agents.19 We have recently

demonstrated increased efficacy of transferrin conjugated paclitaxel-loaded PLGA nanoparticles

(Figure 14.1a and b) both in vitro and in an animal model of prostate carcinoma.24 Transferrin

receptors are over-expressed in most cancer cells by two to tenfold more than in normal cells. We

have demonstrated that transferring-conjugated nanoparticles have enhanced cellular uptake

(Figure 14.1c) and retention than unconjugated nanoparticles.4 A single-dose intratumoral injection

of transferrin conjugated nanoparticles in animal models of prostate carcinoma demonstrated

complete tumor regression and higher survival rate than animals that received either drug in

solution or unconjugated nanoparticles.24 The IC50 for paclitaxel with transferrin conjugated nano-

particles was fivefold lower than that with unconjugated nanoparticles or with drug in solution in

PC3 24 (Figure 14.1d) and in MCF-7 cells.4 Kim et al. have demonstrated enhanced intracellular

delivery of PLGA nanoparticles, which were surface-coated with cationic di-block copolymer,

poly(L-lysine)–poly(ethylene glycol)–folate (PLL–PEG–FOL), in KB cells that overexpress

folate receptors.32 In another study, paclitaxel-loaded PLGA nanoparticles, which were conjugated

to wheat germ agglutinin (WGA), demonstrated greater anti-proliferation activity in A549 and

H1299 cells as compared to the conventional paclitaxel formulations. This enhanced activity of

WGA-conjugated nanoparticles was attributed to greater intracellular accumulation of drug via

WGA-receptor-mediated endocytosis of conjugated nanoparticles.33 Cegnar et al. have developed

cystatin-loaded PLGA nanoparticles with the strategy of inhibiting the tumor-associated activity of

intracellular cysteine proteases cathepsins B and L. In an in vitro study, cystatin-loaded PLGA

nanoparticles demonstrated 160-fold greater cytotoxic effect in MCF-10A neoT cells than free

cystatin.34 Similarly, interferon-alpha (IFN-alpha) loaded PLGA nanoparticles are being developed

to improve the therapeutic efficacy of IFN-alpha while reducing its dose-related side effects.35 In

studies by Yoo et al., doxorubicin was chemically conjugated to a terminal end group of PLGA by

an ester linkage and the doxorubicin–PLGA conjugate was formulated into nanoparticles. Nano-

particles containing the conjugate exhibited sustained doxorubicin release profiles over a one-

month period, whereas those containing unconjugated doxorubicin showed a rapid drug release

within five days. The conjugated doxorubicin nanoparticles demonstrated increased drug uptake in

HepG2 cell line and exhibited slightly lower IC50 value compared to that of free doxorubicin.
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FIGURE 14.1 (a) Transmission electron micrographs of paclitaxel-loaded PLA nanoparticles (NPs) (barZ
100 nm). (b) Cumulative release of paclitaxel (Tx) from NPs in vitro. Tx loading in NPs is 5.4% (w/w). Data as

mean (Gs.e.m. (nZ3). (c) Uptake of unconjugated (NPs) and conjugated (NPs–Tf) in PC3 cells. A suspension

of NPs (100 mg/mL) was incubated with PC3 cells (5!104 cells) for 1 h, cells were washed, and the NP levels

in cells were determined by HPLC. To determine the competitive inhibition of uptake of Tf-conjugated NPs,

excess dose of free Tf (50 mg) was added in the medium prior to incubation with NPs–Tf. Data as mean G
s.e.m. (nZ6).* p!.05 NPs–TfC free Tf vs. NPs, ** p!.005 NPs–Tf vs. NPs. NPs contain a fluorescent

marker, 6-coumarin, to quantify their uptake. (d) Dose-dependent cytotoxicity of paclitaxel (Tx) in PC3 cells.

Different concentration of Tx either as solution (%) or encapsulated in NPs (Tx–NPs (&) or Tx–NPs–Tf, (:)

was added to wells with NPs (without drug) or medium acting as respective controls. The medium was changed

at two days and then on every alternate day with no further dose of the drug added. The extent of growth

inhibition was measured at five days. The percentage of survival was determined by standardizing the absor-

bance of controls to 100% (nZ6). Data as mean Gs.e.m. * p!.005 Tx–NPs–Tf vs. Tx–sol and Tx–NPs. (Data

reproduced from Sahoo, S. K. and Labhasetwar, V., Mol. Pharm., 2, 373, 2005; Sahoo, S. K., Ma, W., and

Labhasetwar, V., Int. J. Cancer, 112, 335, 2004. With permission.)
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The in vivo anti-tumor activity assay showed that a single injection of these nanoparticles had

comparable activity to that of free doxorubicin when administered by daily injection.36 Thus

different strategies are being investigated using biodegradable PLGA-based nanoparticles to

deliver anti-cancer drugs more effectively, both at the cellular level and also to the tumor tissue.
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14.5 PLGA NANOPARTICLES FOR GENE DELIVERY TO CANCER

Gene therapy to cancer represents one of the most rapidly developing areas in pre-clinical and

clinical cancer research. Crucial to the success of any gene therapy strategy is the efficiency with

which the gene is delivered.37 This in turn is dependent upon the type of delivery vector used. Many

vectors have been developed based on either recombinant viruses or non-viral vectors. Research

utilizing viral vectors has progressed much more rapidly than that with non-viral vectors. This is

reflected in the fact that approximately 85% of current clinical protocols involve viral vectors.

However, these vectors are still limited in many ways, particularly in relation to issues of safety,

immunogenicity, limitations on the size of the gene that can be delivered, specificity, production

problems, toxicity, cost and others.38,39

Although various polymeric systems are under investigation,40 our efforts are focused on

investigating biodegradable nanoparticles as a gene delivery system in cancer therapy.19,41–43

These nanoparticles are formulated using PLGA and PLA polymers, with plasmid DNA (pDNA)

entrapped into the nanoparticle matrix. The main advantage of PLGA or PLA-based nanoparticles

for gene delivery is their non-toxic nature. Furthermore, the slow release of the encapsulated DNA

from nanoparticles is expected to provide sustained gene delivery (Figure 14.2a). Blends of PLGA

and polyoxyethylene derivatives such as poloxamer and poloxamine are also being used to

modulate DNA release from nanoparticles.44 In our study we demonstrated anti-proliferative

activity of wild-type (wt) p53 gene-loaded nanoparticles in breast cancer cell line.45 Cells trans-

fected with wt-p53 DNA-loaded nanoparticles demonstrated sustained and significantly greater

anti-proliferative effect than those treated with naked wt-p53 DNA (Figure 14.2b) or wt-p53

DNA complexed with a commercially available transfecting agent (Lipofectamine). This effect

was attributed to sustained nanoparticles-mediated gene expression. This was evident from

sustained p53 mRNA levels observed in cells transfected with nanoparticles compared with

levels in cells which were transfected with naked wt-p53 DNA.
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FIGURE 14.2 (a) Quantitative determination of intracellular DNA levels. Cells transfected with YOYO-

labeled DNA-loaded nanoparticles demonstrated sustained and increase in intracellular DNA levels as

opposed to transient DNA levels in the cells transfected with naked DNA. Data represented as mean G
s.e.m., nZ6, * p!.001. (b) Anti-proliferative activity of wt-p53 DNA-loaded nanoparticles (NPs) and

naked wt-p53 DNA (DNA) in MDAMB-435S cells. Cells (2500 cells/well) grown in a 96-well plate were

incubated with DNA-loaded NPs or equivalent amount of naked DNA Cell growth was followed using a

standard MTS assay. NPs demonstrated increase in anti-proliferative activity with incubation time. Data

represented as meanGs.e.m., nZ6, * p!.01. (Data reproduced from Prabha, S. and Labhasetwar, V., Mol.

Pharm., 1, 211, 2004. With permission.)
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Recently, He et al. have formulated thymidine kinase gene (TK gene)-loaded nanoparticles and

investigated the expression of TK gene in hepatocarcinoma cells.46 The expression of DNA

encapsulated in nanoparticles was significantly greater than that with naked DNA. In another

study, Cohen et al. have demonstrated significantly greater gene transfection (1–2 orders of magni-

tude) with PLGA nanoparticles than that with a liposomal formulation following their

intramuscular injection in rats. Furthermore, the nanoparticle-mediated gene transfection was

seen up to 28 days in the above study. Recently Kumar et al. have prepared cationic PLGA

nanoparticles modified with cationic chitosan and demonstrated gene expression in A549 epithelial

cells.47
14.6 PLGA NANOPARTICLES FOR PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) is a promising new treatment modality48 which involves adminis-

tration of a photosensitizing drug.49 Upon illumination at a suitable wavelength, it induces a

photochemical reaction resulting in generation of reactive oxygen species (ROS) that can kill

tumor cells directly as well as the tumor-associated vasculature, leading to tumor infarction.

Targeting is essential in PDT as singlet oxygen is extremely reactive. Several strategies such as

chemical conjugation with various water-soluble polymers and encapsulation into colloidal carriers

have been considered for the parenteral administration of photosensitizers. These colloidal carriers

include liposomes, emulsions, polymeric micelles and nanoparticles. PLGA nanoparticles were

evaluated for PDT using meso-tetra(4-hydroxyphenyl) porphyrin as photosensitizer.50 Vargas et al.

have encapsulated porphyrin in PLGA nanoparticles and demonstrated enhanced photodynamic

activity against mammary tumor cells than free drug.51 Colloidal carrier associated with photo-

sensitizer showed enhanced photodynamic efficiency and selectivity of tumor targeting as

compared with dye administered in homogenous aqueous solution.52,53 Recently, Saxena et al.

have formulated PLGA nanoparticles loaded with indocyanine green (ICG) and determined their

biodistribution in mice. The results demonstrated that the nanoparticle formulation significantly

increased the ICG concentration and circulation time in plasma as well as the ICG uptake, accumu-

lation and retention in various organs as compared to ICG solution.54 Such a formulation can be

explored in tumor-diagnosis as well as for PDT.
14.7 CONCLUDING REMARKS

It is essential to understand the molecular mechanisms involved in nanoparticle-mediated drug or

gene delivery to explore their therapeutic potentials for cancer therapy. Also, the important ques-

tions we need to address are: What are the barriers in targeted cancer drug therapy? What is the

efficiency of drug targeting with carrier systems? Can it provide a therapeutic dose of the drug in the

tumor tissue? How long should the drug effect in the tumor tissue be sustained to regress it

completely? Is a combination of drugs, especially those that work by different pathways, more

effective than single-drug therapy? These and other questions are critical as we move from a

conceptual stage to reality. With better understanding of molecular targets, discovery of more

potent drugs and simultaneous developments in nanotechnology it seems that an effective cancer

therapy is forthcoming.
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15.1 CANCER THERAPY

Cancer is defined by two characteristics: uncontrolled cell growth and the ability to invade, metas-
tasize, and spread to distant sites. Despite several modes of therapy—such as chemotherapy,

immunotherapy, and radiotherapy—the therapy of cancer remains a challenge. Systemic

chemotherapy is the widely adopted treatment for the disseminated malignant disease, while

recent progress in drug therapy has resulted in curative chemotherapeutic regimens for several

tumors. However, chronic administration of anti-cancer drugs leads to severe systemic toxicity. To

improve the therapy with these anti-cancer agents and reduce this associated toxicity, drug delivery

systems have been introduced to deliver the drugs directly to the site of interest.1 Normal cells are

also susceptible to the cytotoxic effects of chemotherapeutic agents and exhibit a dose response

effect, but the response curve is shifted relative to that of malignant cells. Proliferative normal

tissues such as bone marrow and gastrointestinal mucosa are generally the most susceptible

to chemotherapy-induced toxicity. Because chemotherapy has been widely adopted for the treat-

ment of cancer, several chemotherapeutic agents with potential anti-cancer activity have

been introduced.

Several drug delivery systems facilitate effective chemotherapy with the anti-cancer agents.

These systems include liposomes, microparticles, supramolecular biovectors, polymeric micelles,

and nanoparticles. Although research on targeted therapeutic systems for cancer therapy has not

significantly contributed to their commercialization for human application, the introduction into the

market of products like doxorubicin long-circulating liposomes (Doxil) and Polifeprosan-20 with

carmustine (BCNU, Gliadel Wafer) for cancer therapy has renewed interest in the field of targeted

drug delivery to cancers.2
15.2 NANOPARTICLES AS DRUG DELIVERY SYSTEMS

The challenge of modern drug therapy is the optimization of the pharmacological action of the

drugs coupled with the reduction of their toxic effects in vivo. The prime objectives in the design of

drug delivery systems are the controlled delivery of the drug to its site of action at a therapeutically

optimal rate and dosage to avoid toxicity and improve the drug effectiveness and therapeutic index.

Among the most promising systems to achieve this goal are the colloidal drug delivery systems,

which include liposomes, niosomes, microemulsions, and nanoparticles. Nanoparticles are

considered promising colloidal drug carriers, as they overcome the technological limitations and

stability problems associated with liposomes, niosomes, and microemulsions. For instance,

camptothecin-based drugs, because of their poor solubility and labile lactone ring, pose challenges

for drug delivery. Williams et al.3 developed a nanoparticle delivery system for a camptotheca

alkaloid (SN-38) that is stable in human serum albumin; high lactone concentrations were observed

even after 3 h and showed prolonged in vivo half-life of the active (lactone) form.

Nanoparticles are solid colloidal particles ranging in size from 10 to 1000 nm. Depending on

the process used for their preparation, two types of nanoparticles are obtained: nanospheres and

nanocapsules (Figure 15.1). Nanospheres possess a rigid matrix structure that incorporates the drug,

whereas the nanocapsule contains an oily core incorporating the drug surrounded by a membrane

structure.4 These are prepared from either synthetic or natural macromolecules in which the drug is

dissolved, entrapped, encapsulated, or adsorbed on the surface. Generally, the definition of nano-

particles includes not only the particles described by Birrenbach and Speiser5 by the term

“Nanopellets,” but also nanocapsules and polymer lattices such as the “molecular scale drug

entrapment” products described by Rhodes et al.6 and Boylan and Banker.7 Nanoparticles

possess a matrix structure that incorporates the pharmacologically active substance and facilitates

the controlled release of the active agent.
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15.2.1 POLYMERIC NANOPARTICLES

In recent years, biodegradable polymeric nanoparticles have attracted attention as potential drug

carriers because of their applications in the controlled delivery of drugs, their ability to target

organs and tissues, their function as carriers for DNA in gene therapy, and their ability to perorally

deliver proteins, peptides, and genes.8,9 Langer8 stated that the construction of fully biomimetic

matrices containing all of the required chemical and topographical factors has not yet been

achieved. Scientists are focusing on the design of new polymeric materials in which both topo-

graphical features and chemical cues act synergistically to qualify as drug-delivery carriers.

Polymeric nanoparticles can be prepared either by the polymerization of monomers or from the

preformed polymers. This chapter will focus on the former process.
15.2.1.1 Nanoparticles Prepared by the Polymerization Process

Historically, the first methods used to produce nanoparticles were derived from the field of latex

engineering developed by polymer chemists. These methods were based on the in situ poly-

merization of monomers in various media. In the early 1970s, Birrenbach and Speiser, the

pioneers in the field, produced the first polymerized nanoparticles for pharmaceutical use. Two

types of polymerization processes were adopted for the preparation of polymeric nanoparticles:

dispersion polymerization (DP) and emulsion polymerization (EP).
15.2.1.1.1 Dispersion Polymerization

A DP involves a monomer, an initiator, a solvent in which the newly formed polymer is insoluble,

and a polymeric stabilizer. The polymer is formed in the continuous phase and precipitates into a

new particle phase stabilized by the polymeric stabilizer. The nucleation is directly induced in the

aqueous monomer solution. Small particles are formed by the aggregation of growing polymer

chains precipitating from the continuous phase when these chains exceed a critical chain length.

When enough stabilizer covers the particles, coalescence of these precursor particles with them-

selves and with their aggregates results in the formation of stable colloidal particles. In this

technique, the monomer is dispersed or dissolved in an aqueous medium from which the formed

polymer precipitates.

Essentially, the initiation of a monomer for polymerization requires an initiator that can

generate ions or radicals to start the polymerization process. If the nucleation of the monomer is

due to ions, then the mechanism is called “ionic polymerization.” Depending on the type of ions

produced, the ionic polymerization may be anionic or cationic. If the radical nucleates the

monomer, then the mechanism is known as “radical polymerization.”10
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15.2.1.1.2 Emulsion Polymerization

Emulsion polymerization is a method for producing a latex and a polymer that exhibit any desired

morphology, composition, sequence distribution, surface groups, molecular weight distribution,

particle concentration, or other characteristics. In this technique, the monomer is emulsified in a

nonsolvent-containing surfactant, which leads to the formation of monomer-swollen micelles and

stabilized monomer droplets. The polymerization is performed in the presence of an initiator. The

initiator generates either radicals or ions depending on the type of initiator, and these radicals or

ions nucleate the monomeric units and start the polymerization process. The monomer-swollen

micelles exhibit sizes in the nanometer range and thus have a much larger surface area than the

monomer droplets. It has been assumed that, once formed, the free reactive monomers would more

probably initiate the reaction within the micelles itself. In this case, the monomer droplets would act

as monomer reservoirs. Being slightly soluble in the surrounding phase, the monomer molecules

reach the micelles by diffusion from the monomer droplets, thus allowing the polymerization to be

continued in the micelles.11,12 Generally, the reaction continues until the monomer completely

disappears. The particles obtained by EP are usually smaller (100–300 nm) than the original

stabilized monomer droplets in the continuous phase. EP may be performed using either organic

or aqueous media as the continuous phase.

Emulsion Polymerization in an Organic Continuous Phase. EP in the organic continuous phase

was the first process reported for the preparation of nanoparticles.5,13 In this process, the water-

soluble monomers are polymerized. Acrylamide and the crosslinker N,N 0-bisacrylamide were the

prototype monomers to be polymerized using chemical initiators such as N,N,N 0,N 0-tetramethyl-

ethylenediamine and potassium peroxdisulphate or by light irradiation by g- or UV-radiations.

However, the high toxicity of monomers and the need for high amounts of organic solvents and

surfactants limits the importance of this technique.

The cyanoacrylate monomers are relatively less toxic than acrylamide, and their polymers are

biodegradable. Poly(alkyl cyanoacrylate) (PACA) nanoparticles were prepared by EP in the

continuous organic phase. In this case, the monomer was added to the organic phase, creating

nanoparticles with a shell-like structure (nanocapsules), as well as solid particles.14 The mechanism

of this nanocapsule formation was explained as following. The drug dissolved in aqueous phase was

solubilized in the organic phase (containing surfactants) such as iso-octane, cyclohexane–chloro-

form, isopropyl myristate–butanol, and hexane. This result in a microemulsion with water-swollen

micelles containing the drug. The monomer diffuse into the swollen micelles, and the OHK ions

initiated the polymerization. The polymerization is so rapid that only an impermeable wall could be

formed at the organic/water interface, preventing the diffusion of further monomers into the

particles. The high amounts of organic solvents and surfactants required for this process,

however, has greatly limited its application.

Emulsion Polymerization in an Aqueous Continuous Phase. This technique is widely used for

the preparation of nanoparticles by the polymerization of a wide variety of monomers, including

alkylcyanoacrylates. Employing very low quantities of surfactants, it is only used to stabilize the

newly formed polymer particles. Apart from this, the polymerization of alkylcyanoacrylates has

also been carried out in the absence of surfactants,15 in aqueous media containing dextran or

hydroxylpropyl-b-cyclodextrin (HPCD). Poly(ethyl cyanoacrylate) and poly(isobutyl cyanoacry-

late) (PIBCA) nanospheres containing metaclopramide have been prepared using this technique.

However, the resulting drug loading was only 9.2% and 14.8%, respectively.
15.2.1.2 Poly(Alkyl Cyanoacrylate) Nanoparticles

The first report on the synthesis of PACA nanoparticles appeared in 1979.16 PACA nanoparticles

are biodegradable and hence are eliminated rapidly from the body.17 The cyanoacrylate monomers

are polymerized in the aqueous medium by the anionic polymerization;16,18 the mechanism is
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depicted in Figure 15.2. The cyanoacrylate monomer is initiated by OHK ions, and the poly-

merization was performed at a low pH to control the reaction, which otherwise would have led

to rapid polymerization resulting in the precipitation of large polymer aggregates. The stabilizers

used were found to have a significant influence on the size of the formed polymer particles. High

concentrations of poloxamer 188 (above 2%) reduced the particle size of polyisobutyl cyanoacry-

late nanoparticles from around 200 nm without an emulsifier, to as low as 31–56 nm.19

Nanoparticles prepared without stabilizers or prepared using polysorbates were found to have

monomodal molecular weight distribution, with mean molecular weights of 1000–4000 Da,

whereas the stabilizers such as dextrans or poloxamers led to a distinctive bimodal distribution

of the molecular weights, with peaks at 1000–4000 and 20,000–40,000 Da. This bimodal distri-

bution is indicative of two separate polymerization reactions. The first reaction probably occurs in

the aqueous phase where the termination of polymerization by HC ions is rapid, leading to small

molecular weights. The second reaction is possibly the polymerization of captured growing unter-

minated polymer molecules within the primary particles. Due to the low concentration of HC ions

in this environment, the termination frequency is reduced and hence the molecular weights would

be much higher. Due to the initiation of cyanoacrylate polymerization by bases, the basic drugs also

can act as initiators. However, because of the complexity of cyanoacrylate polymerization, the

resulting particle size in such multi-component systems is difficult to predict.

Poly(butyl cyanoacrylate) (PBCA) nanoparticles of n-butyl cyanoacrylate containing metho-

trexate were prepared by DP and EP.20 DP nanoparticles were prepared using dextran as a

stabilizer; the EP nanoparticles were stabilized by poloxamer 188. A high zeta potential was

observed for nanoparticles prepared by the DP method, whereas the incorporation of methotrexate

resulted in a decrease in zeta potential. The DP nanoparticles exhibited a high release of metho-

trexate, suggesting the channelizing effect of dextran chains incorporated into nanoparticles during

polymerization. When tested in two different release media such as 0.1 mol LK1 HCl and pH 7.4

phosphate buffer, a significant difference (p!0.01) in release rates was found for DP and EP

nanoparticles. Drug release from both the nanoparticles followed Fickian diffusion in 0.1-

mol LK1 HCl, whereas the mechanism was found anomalous in pH 7.4 phosphate buffer.

A similar study conducted on PBCA nanoparticles loaded with doxorubicin hydrochloride by

incorporation and adsorption techniques21 showed rapid drug release in 0.001-N HCl from both

DP and EP nanoparticles; the release kinetics followed the Higuchi equation.
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15.2.1.3 Poly(Alkyl Cyanoacrylate) Nanocapsules

Nanocapsules are spherical structures formed by an envelope surrounding a liquid central cavity.

The technique for the preparation of PIBCA nanocapsules was first reported by Fallaouh et al.22

The nanocapsules were obtained by injecting the organic phase, consisting of oil, with the dissolved

drug, isobutylcyanoacrylate, and ethanol into the aqueous phase containing Pluronic F68 (a

nonionic surfactant) under magnetic stirring. The colloidal suspension was concentrated by eva-

poration under a vacuum and filtered to obtain nanocapsules that possessed a shell-like structure

with a wall 3-nm thick. This thickness was confirmed by transmission electron microscopy (TEM)

after negative staining with phosphotungstic acid. The pH of the polymerization medium played an

important role in obtaining nanocapsules. Nanocapsules with uniform size and low polydispersity

were obtained only between pH 4 and 10. The concentration of alcohol above 15% only led to the

formation of isolated nanocapsules. The mechanism of nanocapsule formation is probably the

interfacial polymerization described by Florence et al.23 for the manufacture of

PACA microcapsules.

A different method was adopted by Chouinard et al.24 for the preparation of poly(isohexyl

cyanoacrylate) (PIHCA) nanocapsules. The monomer was treated with sulfur dioxide and dissolved

in a solution containing Miglyol 810 (caprylic/capric triglyceride) in ethanol. This solution was

added slowly, in a 1:2 ratio, into an aqueous phase containing a solution of 0.5% poloxamer 407 and

10 mM phosphate buffer under stirring. The nanocapsules were then purified by centrifugation and

washing with distilled water. In this method, the sulfur dioxide acts as an inhibitor, preventing the

polymerization of the cyanoacrylates by the ethanol. With the addition of the oily phase to

the aqueous phase, the sulfur dioxide and ethanol migrate to the external phase, resulting in the

formation of a very fine emulsion. In this case, the nanocapsule size was mainly influenced by

Miglyol concentration. Freeze-fracture electron microscopy studies showed that polymeric walls of

different thicknesses and densities can be prepared, which could be significant for the design of

nanocapsules with tailored drug-release kinetics.

Palumbo et al.25 adopted a similar technique for the preparation of polyethyl-2-cyanoacrylate

nanocapsules containing idebenone (an antioxidant). In this method, the acetonic solution of

Miglyol 812, idebenone, and monomer was added to 100 mL of aqueous phase (pH 7) containing

Tween 80. The presence of nonionic surfactant allowed the polymerization of the ethylcyanoacry-

late at the oil–water interface, thus encapsulating Miglyol 812 droplets. The immediate

polymerization triggered the formation of drug-loaded nanocapsules, with the suspensions concen-

trated under a vacuum to remove any acetone. Tween 80 reduced the hydrodynamic size of the

emulsion droplets as a function of its concentration, resulting in smaller-sized nanocapsules. These

nanocapsules exhibited a negative charge that was determined by zeta-potential measurements. The

freeze-fracture electron microscopy revealed the presence of internal oil droplets surrounded by the

polymeric shell of the nanocapsule.
15.2.2 LOADING OF DRUGS TO POLY(ALKYL CYANOACRYLATE) NANOPARTICLES

The drugs were loaded to PACA nanoparticles, either by incorporation during the polymerization

process or by absorption onto the surface of the preformed particles. The former case can lead to the

covalent coupling of the drug to the polymer,26 or to the formation of a solid solution or solid

dispersion of the drug in the polymer network. The addition of the drug to empty nanoparticles may

lead to covalent coupling27 of the drug; alternatively, the drug may be bound by sorption. The

sorption can also lead either to the diffusion of the drug into the polymer network and the formation

of a solid solution,28 or to surface adsorption of the drug.29 In the majority of cases, the type of drug

loading will determine the carrier capacity. The carrier capacity is defined as the percentage of drug

associated with a given amount of nanoparticles for a given initial concentration of drug without

considering the characteristics of the adsorption isotherm.30,31 Several drugs such as betaxolol
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chlorhydrate,32 hematoporphyrin,33 and primaquine34 were adsorbed onto the preformed PACA

nanoparticles, whereas drugs such as doxorubicin35 and actinomycin D were incorporated into the

nanoparticles during the polymerization process. The incorporation of rose bengal into the poly

(butyl-2-cyanoacrylate) nanoparticles during the polymerization led to much greater carrier

capacity than did the simple adsorption method.29 The rose bengal incorporated into nanoparticles

during polymerization is expected to be either dissolved, dispersed in, or adsorbed on the polymer

matrix and remaining to be adsorbed on the particle surface. In contrast, after the adsorption

process, the drug solely occupies the external surface of the nanoparticles, including minor pores

and pits. Adsorption of hematoporphyrin onto PIBCA nanoparticles resulted in poor carrier

capacity of the nanoparticles, because the drug was adsorbed mainly at the surface of the nano-

particles.33 A similar report by Beck et al.28 describes the preparation of PBCA nanoparticles

loaded with mitoxantrone using both the incorporation and adsorption methods. The proportion

of mitoxantrone bound to the particles was analyzed to be about 15% of the initial drug concen-

tration with the incorporation method and about 8% with the adsorption method.

The type of drug binding onto the nanoparticles may result in different release mechanisms and

rates.36 Whether the drug is present in the form of a solid solution or a solid dispersion, its release

characteristics mainly depend on the degradation rate of the polymer.30 Drug desorption (tested in

phosphate buffered medium pH 5.9) resulted essentially from a shift in the equilibrium conditions

between free and adsorbed drug following the dilution of the nanoparticle suspension, modification

of the pH conditions, or enzymatic hydrolysis by the added esterases. The release of hematopor-

phyrin was very rapid at physiological temperature and pH, and hence would not be useful for

in vivo applications.33 Finally, the surface charge of the particles and binding type between the drug

and nanoparticles are the important parameters that determine the rate of desorption of the drug in

the nanoparticles.32 Recently, Poupaert and Couvreur37 developed a computational derived struc-

tural model of doxorubicin interacting with oligomeric PACA in nanoparticles. The oligomeric

PACAs are highly lipophilic entities and scavenge the amphiphilic doxorubicin during the poly-

merization process by extraction of protonated species from the aqueous environment to an

increasingly lipophilic phase embodied by the growing PACAs. Interesting, hydrogen bonds

were established between the N and H function of doxorubicin and the cyano groups of alkylcya-

noacrylate. Therefore, the cohesion in this assembly comes from a blend of dipole-charge

interaction, H-bonds, and hydrophobic forces. Upon hydrolytic erosion of the nanoparticles invol-

ving mainly the hydrolysis of ester groups to carboxylate, the assembly of doxorubicin–PACA

tends to loosen the cohesion as the hydrophobic forces decline due to water intrusion and the

increasing contribution of repulsive forces between anionic carboxylates. This creates, for

example, a high local gradient of doxorubicin at the cell membrane surface, permitting MDR

efflux to be overwhelmed. Very recently, heparin–PIBCA copolymer nanoparticles were developed

as a carrier for hemoglobin,38 which was indicated for treatment in thrombosis oxygen-deprived

pathologies. In water, these copolymers spontaneously form nanoparticles with a ciliated surface of

heparin. The heparin bound to the nanoparticle preserved its antithrombotic activity. The bound

hemoglobin also maintained its capacity to bind ligands.

The integration of drugs with polymerization additives was observed in the case of 5-fluor-

ouracil (5-FU)-loaded PBCA nanoparticles.39 5-FU in acidic solution (pH 2–3) may interfere in the

initiation process through its amino groups via the formation of zwitterions. The proposed zwitter-

ionic mechanism of initiation was supported by the molecular weight profiles of the polymer, as

determined by gel permeation chromatography, and the covalent linkage of the cytostatic to the

main polymer chain. 1H NMR analyses demonstrated that a significant fraction of 5-FU was

covalently bonded to the PBCA chains through its amino groups, preferentially through one of

the two nitrogen atoms.

Stella et al.40 developed a new concept to target the folate-binding protein by designing poly

(ethylene glycol) (PEG)-coated biodegradable nanoparticles coupled to folic acid. This system is

the soluble form of the folate receptor that is over expressed on the surface of many tumoral cells.
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The copolymer poly[aminopoly(ethylene glycol)cyanoacrylate-co-hexadecyl cyanoacrylate]

[poly(H2NPEGCA-co-HDCA)] was synthesized, and their nanoparticles were prepared using

the nanoprecipitation technique. The nanoparticles were then conjugated to the activated folic

acid via PEG terminal amino groups and purified from unreacted products. The specific

interaction between the conjugate folate-nanoparticles and the folate-binding protein was

confirmed by surface plasmon resonance. This interaction did not occur with the nonconjugated

nanoparticles used as a control.
15.2.3 CHARACTERIZATION OF NANOPARTICLES

15.2.3.1 Physicochemical Characterization

The methods used for the physicochemical characterization of nanoparticles are listed in

Table 15.1. Particle size is the prominent feature of nanoparticles; the fastest and most routine

methods of size analysis are photon correlation spectroscopy (PCS) and laser diffractometry (LD).

The former method is useful for the determination of smaller particles,41 whereas the latter method

is useful for the determination of larger particles. PCS determines the hydrodynamic diameter of the

nanoparticles via Brownian motion. The electron microscopy methods also allow the exact particle

determination. Scanning electron microscopy requires the coating of the dry sample with a conduc-

tive material such as gold. The gold coating usually results in an estimate of particle sizes that is

slightly greater than the normal. TEM, with or without staining, is a relatively easier method to

determine particle size. Some nanoparticle materials are not electron dense and thus cannot be

stained; others melt and sinter when irradiated by the electron beam of the microscope and thus

cannot be visualized by this method. Such nanoparticles can be visualized in TEM after freeze

fracture or freeze substitution.42 This method is optimal because it also allows for the fracturing

of the particles and consequently an observation of their interior. Unfortunately, the method is

time-consuming and cannot be used for the routine determinations. Recently, new types of high-

resolution microscopes such as the atomic-force microscope, the laser-force microscope, and the

scanning-tunneling microscope were developed.43–46 These microscopes are especially useful for

the investigation of nanoparticle surfaces.

The molecular weight determination of nanoparticles can be performed after the particles have

been dissolved in an appropriate solvent and analyzed by gel-permeation chromatography.

Accurate results can be obtained only if the polymer standards have a similar structure and

similar properties as the test material. The limitation of this technique, however, is that the
TABLE 15.1
List of Characterization Techniques for Nanoparticles

Parameter Method of Characterization

Particle size Photon correlation spectroscopy, laser diffraction, transmission electron microscopy,

scanning electron microscopy

Molecular weight Gel permeation chromatography

Density Helium compression pycnometer

Crystallinity X-ray diffractometry, differential scanning calorimetry

Surface charge Electrophoresis, laser Doppler anemometry, amplitude-weighted phase structuration

Hydrophobicity Hydrophobic interaction chromatography, contact angle measurements

Surface characteristics Scanning electron microscopy, atomic force microscopy

Surface element analysis X-ray photoelectron spectroscopy for chemical analysis (ESCA)
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molecular weight of cross-linked polymers and nanoparticles from natural macromolecules cannot

be determined.

Density measurements can be performed by the helium compression pycnometry and by

density gradient centrifugation. A comparison of these two methods may offer information about

the internal structure of nanoparticles.

Further information about the nanoparticle structure and crystallinity may be obtained using

x-ray diffraction and thermoanalytical methods such as differential scanning calorimetry, differ-

ential thermal analysis, thermogravimetry, and thermal optical analysis.47 The charge on

nanoparticle surfaces is mainly determined by electrophoretic mobility, laser Doppler anemometry,

and amplitude-weighted phase structuration.

Hydrophobicity of the nanoparticles can be determined by two major methods: contact angle

measurements and hydrophobic interaction chromatography. The former can be performed only on

flat surfaces and not directly on hydrated nanoparticles in their dispersion media. For this reason,

hydrophobic interaction chromatography is the better method, wherein a differentiation between

nanoparticles with different surface properties can be obtained by loading the particles on columns

with alkyl-sepharose and eluting them with a Triton X-100 gradient.48

Kreuter41 performed the physicochemical characterization of polymethyl, polyethyl, and

PBCA nanoparticles. Because it gives only the mean diameter and the multimodal size distributions

cannot be measured, determination of nanoparticle size by Photon Correlation Spectrometry is very

susceptible to errors caused by the presence of bigger particles in the dispersion. Another dis-

advantage is that this method measures the Brownian motion of the particles, and the particle

diameter is then calculated from the measurements via the diffusion coefficient.41 Thus, the particle

size determined by this method can be affected by the surrounding medium, including the adsorbed

surfactants or hydration layers, and may therefore be different from the sizes obtained by electron

microscopy. In case of characterization using electron microscopy, the individual particles can be

analyzed and measured. According to Kopf et al.,26 the surfactants present after the separation of

the dispersion medium from the nanoparticles will coat the nanoparticles and lead to the dis-

appearance of individual nanoparticle structures. This coating significantly reduces the particle

surface area, and polycyanoacrylate nanoparticles could thus not be obtained surfactant-free in a

nonaggregated form. The nanoparticles were x-ray amorphous, and their diffractograms indicated

no sign of crystallinity.20,21 The surface charge of colloidal particles expressed by their electro-

phoreitc mobility may have an important influence on their body distribution behavior in humans

and animals.49,50 The PACA nanoparticles possess negative charge. Charge measurements in serum

yielded a more pronounced decrease caused by the adsorption of the serum contents. Another

parameter that is of great importance for the fate of nanoparticles in the blood is the hydrophili-

city/hydrophobicity of the particle surface. The latter has a profound influence on the interaction of

the particles with the blood components.49,51,52 The particles’ hydrophilicity/hydrophobicity can be

determined by measuring the water contact angle.53 This was done by centrifugation, followed by

washing with water and drying the poly(cyanoacrylate) nanoparticles. The dried material was

dissolved in acetone and casted as a film with subsequent solvent evaporation.41 The water

droplet contact angles for polymethyl, polyethyl, and PBCA nanoparticles were reported as

55.68, 64.78, and 68.98, respectively.41

Muller et al.48 studied the physicochemical properties of alkyl cyanoacrylates of different chain

lengths such as methyl, ethyl, isobutyl, and isohexyl cyanoacrylate. Zeta potential of the nanopar-

ticles was determined as an alternative means of evaluating particle surface charge. Interaction of

nanoparticles with serum proteins was assessed by the zeta-potential measurements. The nanopar-

ticles were incubated with poloxamer 407 (Pluronic F-108), and the hydrophobicity determination

by contact angle measurement revealed that the coating layer was very thin. The layer thickness

was higher in isohexyl cyanoacrylate particles, indicating that they had the most hydrophobic

nature of all the polymers used.
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The molecular weight differences between polycyanoacrylate nanoparticles with different side-

chain lengths as well as the molecular weight differences of polycyanoacrylate nanoparticles

produced at different hydrochloric acid concentrations or surfactant concentrations appear to not

be very pronounced.54 Nevertheless, an increase in side-chain length led to the increasing molecular

weights, whereas increasing the hydrochloric acid concentrations reduced the molecular weights.
15.2.3.2 Degradation of Poly(Alkyl Cyanoacrylate) Nanoparticles

The type of degradation (bulk or surface degradation) of polymethyl-, polyethyl-, and poly(isohexyl

cyanoacrylate) nanoparticles was determined using photon correlation spectroscopic measure-

ments.48 In the case of surface degradation, the particle size should show an immediate increase

while the polydispersity index remaining constant. If bulk degradation dominates, a lag period

should occur, preceding the decrease in mean size due to disintegration of the particles. This

process of disintegration would lead to a more heterogeneous distribution of particle sizes and

consequently to an increase in the polydispersity index. Incubation of polyethyl cyanoacrylate

nanoparticles with in 10K4 N NaOH led to an immediate, continuous decrease in particle size,

as well as an unchanged polydispersity index indicating the predominant surface degradation.

Incubation of PIHCA nanoparticles in 10K4 N NaOH led to no detectable size decrease; polydis-

persity was also unchanged, indicating the degradation by surface erosion at a much slower rate

than poly(ethyl cyanoacrylate) nanoparticles. Coating the particles with poloxamers did not accel-

erate the particle degradation. At low electrolyte concentration, the size and dispersity of PIHCA

nanoparticles remained unchanged during incubation in 10K4 N NaOH. At high ionic strength, the

size increase of nanoparticles as a result of flocculation was larger than the size decrease due to

degradation. In vitro degradation was also determined by turbidimetric measurements.55 Poly(-

methyl cyanoacrylate) and poly(ethyl cyanoacrylate) nanoparticles underwent the fastest

degradation. A high electrolyte concentration in the medium led to the formation of larger aggre-

gates accompanied by an increase in absorption of dispersion. The slowly degrading polymers

PIBCA and PIHCA probably release a low concentration of degradation products over a prolonged

period of time, indicating their low toxicity.

The stability studies on PBCA nanoparticles reveal that an acidic medium protects the nano-

particles against decomposition.56,57 Higher temperatures promoted the degradation of

nanoparticles. When incubated in human serum in vitro, the nanoparticles showed no particle

agglomeration, suggesting their better tolerance in vivo.
15.2.3.3 Influence of Enzymes on the Stability of Poly(Alkyl Cyanoacrylate) Nanoparticles

The peroral route is the most convenient way of delivering drugs, leading to better patient compli-

ance, especially during long-term treatment. However, many drugs, including proteins and

peptides, are unstable in the gastrointestinal tract (GIT) or are insufficiently absorbed. Earlier

studies have shown that cyanoacrylate nanoparticles58,59 and nanocapsules60,61 improve the absorp-

tion of several drugs like vincamin or insulin from the GIT. Maincent et al.58 demonstrated the

efficiency of PBCA nanoparticles as a drug delivery system for the GIT by improving the absorp-

tion of vincamin by more than 60% compared to an equimolar solution. Investigation of the

parameters that influence the stability of nanoparticles in the GIT is much more difficult because

of the complexity of the GIT. The pH changes from 2.0 in the stomach to 7–8 in the small intestine.

Moreover, in different parts of the GIT there are different enzymes in differing concentrations.

Degradation studies with cyanoacrylate was performed as early as 1972.62 Lenaerts et al.63 incu-

bated PIBCA nanoparticles in rat liver microsomes. As these microsomes contain a mixture of

enzymes, it was difficult to determine which enzyme took part in the degradation process. Scherer et

al.56 studied the influence of different enzymes in vitro on the stability of PBCA nanoparticles. The

study used pepsin, amylase, and esterase enzymes, added in a buffer solution that contained
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dispersed nanoparticles. Amylase was selected because dextran is used as a stabilizer in nanopar-

ticle preparation and was shown to be partially incorporated into the polymer chains.64 Esterase was

selected because hydrolysis of the ester side chain is the main route of degradation of PACA

nanoparticles.65 The study showed significant degradation of PBCA nanoparticles at 378C and

was dependent on the pH of the buffer solution. The addition of pepsin and amylase to the

buffer solution was found to have no influence on the stability of nanoparticles. The results upon

addition of amylase revealed that dextran either was not incorporated to a significant degree or that

its incorporation did not alter the regular nonenzymatic or esterase-dependant degradation pathway

and velocity of this polymer in the form of nanoparticles. In contrast, the esterase significantly

influenced the stability of the nanoparticles. Esterase demonstrated the highest activity of nano-

particle degradation at neutral pH values; as well, the degradation of PBCA nanoparticles was

proportional to the amount of esterase added. These observations suggest that the degradation of

PBCA nanoparticles does not occur before the particles reach the small intestine, as esterase is

released by the pancreas into the lumen of the small intestine, the major site for absorption of

several drugs.
15.2.3.4 Drug Release from Poly(Alkyl Cyanoacrylate) Nanoparticles

Various methods were used to study the in vitro drug release of nanoparticles. They include side-

by-side diffusion cells with artificial or biological membranes, the dialysis-bag diffusion technique,

the reverse dialysis sac technique, ultrafiltration, ultracentrifugation, and the centrifugal ultrafiltra-

tion techniques. Despite the development of these methods, some technical difficulties remain,66

including the separation of the nanoparticles from the release media when assessing the in vitro

drug release from nanoparticles. Leavy and Benita67 used a reverse dialysis method, in which the

nanoparticles were added directly into the dissolution medium. The same technique was adopted by

Calvo et al.68 for the evaluation of nanoparticles, nanocapsules, and nanoemulsions. However, this

method is not very sensitive for studying the rapid release formulations, although relatively

speaking the dialysis bag technique is the best for assessing in vitro drug release. Because the

nanoparticle dispersion is placed in the dialysis bag and immersed into the release medium, this

technique avoids the problem of nanoparticle separation.69,70 Considering the hindrance to drug

diffusion caused by the dialysis bag, the release of the drug in solution form can be studied through

the dialysis bag, and any diffusional barrier can be compensated for.
15.2.4 IN VIVO DISTRIBUTION OF POLY(ALKYL CYANOACRYLATE) NANOPARTICLES

Colloidal drug carriers such as liposomes and nanoparticles are able to modify the distribution of an

associated substance. They can therefore be used to improve the therapeutic index of drugs by

increasing their efficacy or reducing their toxicity. The polymer nanoparticles, particularly PACA

nanoparticles, have attracted considerable attention as potential drug delivery systems, not only for

their enhancement of therapeutic efficacy but also because they reduce the toxicity associated with a

variety of drugs. Careful design of these delivery systems with respect to the target and route of

administration may provide a solution to some of the delivery problems posed by many anti-cancer

drugs, including doxorubicin and amphotericin B,71 and new classes of active molecules such as

peptides, proteins, genes, and oligonucleotides.

The use of colloidal particulate carrier systems with controlled particle size (25 nm to 1.7 mm in

diameter) is significant in such applications where diminished uptake by mononuclear phagocytes

and specific targeting of carriers to particular tissues or cells is of great importance. Studies

conducted on the tissue distribution of PBCA nanoparticles with a diameter of 127 nm, loaded

with 1-(2-chloroethyl)-3-(1-oxyl-2,2,6,6-tetramethyl piperidinyl)-1-nitrosourea (spin-labeled nitro-

sourea, SLCNU) suspensions injected intraperitoneally (i.p.) into Lewis lung carcinoma-bearing

mice showed a relatively low accumulation of nanoparticles in the liver and spleen; the
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nanoparticles were mainly found in the lungs, kidneys, and heart.72 The highest content of the

particles was observed in the lungs of tumor-bearing experimental animals damaged by metastases,

suggesting the possible usefulness of SLCNU–PBCA nanoparticles for targeting the

lung metastases.

Reddy and Murthy73 compared the pharmacokinetics and tissue distribution of doxorubicin

(Dox) solution with Dox-loaded PBCA nanoparticles synthesized by DP and EP techniques after

intravenous (i.v.) and intraperitoneal (i.p.) injection in healthy rats. The elimination half-life (T1/2)

and mean residence time (MRT) in blood was significantly higher than the free Dox after i.v.

injection. After i.p. injection, DP nanoparticles quickly appeared in the blood and underwent rapid

distribution to the organs of RES, whereas the EP nanoparticles were absorbed slowly into the

blood and remained in the circulatory system for a longer time. The bioavailability (F) of DP

(w1.9-fold) and EP nanoparticles (w2.12-fold) was higher compared to that of the Dox solution

after i.p. injection. The distribution to the heart of both types of nanoparticles was low after i.v. and

i.p. injection, compared to Dox. This was further proved by experiments using nanoparticles

radiolabeled with 99mTc to study their distribution in Dalton’s lymphoma implanted in the thigh

region of mice, when administered subcutaneously below the tumor region.74 A significantly high

tumor uptake of 99mTc-EP nanoparticles (13-fold higher at 48 h post-injection) (P!0.001) was

found compared to the 99mTc-Dox solution.

Blank [14C]-poly(hexyl cyanoacrylate) nanoparticles with diameters of 200–300 nm injected

intravenously into nude mice bearing a human osteosarcoma showed distribution to the liver,

spleen, lung, heart, kidney, GI tract, gonads, brain, and muscle, as well as in serum and transplanted

tumor fragments when investigated by liquid scintillation counting.75 The peak levels in all organs

with the exception of tumors and the spleen were reached within 24 h; the highest levels of

radioactivity were found after 7 days in the tumor and spleen. The tissue distribution of naked

and either normal immunoglobulin G or monoclonal antibody (antitumor osteogenic sarcoma)-

coated poly(hexyl-2-cyanoacrylate) nanoparticles in mice bearing human tumor xenografts showed

similar results: the nanoparticles were deposited mainly in the liver and spleen, and no significant

uptake was found in the tumors.76

The PACA nanoparticles exhibited rapid extravascular distribution after intravenous adminis-

tration. Intravenous injection of isobutyl-2-cyanoacrylate nanoparticles resulted in high

concentrations in the organs of the reticuloendothelial system such as the liver, spleen, and bone

marrow. Similar observations were made by Kante et al.77 in the case of PBCA nanoparticles

injected intravenously in rats. In the case of mice with subcutaneously grafted Lewis lung carci-

noma cells, the nanoparticles exhibited higher lung concentrations, indicating the use of

nanoparticles in the treatment of lung metastasis.17 However, the results were somewhat different

for polybutyl-2-cyanoacrylate nanoparticles injected intravenously into rabbits.78 The lung

accumulation of nanoparticles was very low in that case, indicating that the nanoparticles

(126 nm) were not mechanically filtered through the capillary bed of the lungs. The difference in

lung concentrations compared to the observations of Grislain et al.17 can be explained by the

difference in particle size (254 nm). Coating with azidothymidine-loaded poly(hexyl cyanoacrylate)

(PHCA) nanoparticles with polysorbate 80 led to higher brain levels of azidothymidine after

intravenous injection in rats, indicating the facilitation of drug passage across the blood–brain

barrier (BBB).79 Physicochemical studies have shown that the coating of nanoparticles with

block copolymers such as poloxamers and poloxamines induces a steric repulsion effect, mini-

mizing the adhesion of particles to the surface of macrophages which in turn results in decreased

phagocytic uptake and significantly higher levels in blood and non-RES organs, the brain, intestine,

kidneys, etc. Borchard et al.80 showed that coating the nanoparticles with surfactants resulted in

uptake by brain endothelial cells, and that polysorbate 80 was the most effective surfactant for this

purpose. Further investigations unequivocally demonstrated that polysorbate 80-coated PBCA

nanoparticles loaded with enkaphalin analogue dalargin enabled the delivery of this drug across

the BBB, achieving a significant pharmacological effect. Gulyaev et al.81 reported significantly
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higher brain concentrations of intravenously injected polysorbate 80-coated Dox–PBCA nanopar-

ticles in rats. Three probable mechanisms were proposed for the enhanced brain transport of

polysorbate 80 coated nanoparticles: (1) endocytosis, (2) the opening of the tight endothelial

junctions between the brain endothelial cells,81 and (3) the inhibition of the P-glycoprotein

efflux pump responsible for multi-drug resistance, which is a major obstacle to cancer

chemotherapy.82,83

Isobutyl and isohexylcyanoacrylate nanoparticles were used by Ghanem et al.84 as drug

carriers, particularly for some anti-cancer drugs. Body distribution as well as pharmacokinetics

in animals and partially in humans using a radiolabeled (111In and 99mTc) free drug and its nano-

particles showed 60–75% accumulation in the reticuloendothelial system.

Skidan et al.85 studied the antitumor efficacy of Dox loaded into polysorbate 80-coated nano-

particles to the brain. Pharmacokinetics were studied in rats after the intravenous injection of four

Dox preparations: (1) solution in saline, (2) solution in polysorbate 80, intravenous (3) bound to

nanoparticles, and (4) bound to nanoparticles coated with polysorbate 80. The results showed no

significant difference in the body distribution between the two solution formulations, whereas the

two nanoparticle formulations showed significantly decreased drug concentrations in the heart.

High brain concentrations of Dox (O6 mg/g) were achieved with the nanoparticles overcoated

with polysorbate 80 between 2 and 4 h, whereas the concentrations observed with the other three

formulations were always negligible. Antitumor efficacy of Dox associated with polysorbate

80-coated nanoparticles as assessed in rats with intracranially implanted 101/8 glioblastoma

resulted in a significant 3.6-fold increase in survival, whereas administration of free Dox or

blank nanoparticles did not modify the mortality when compared to the control group.

Following the subcutaneous injections of metoclopramide solution (5 mg/kg) and three

different metoclopramide nanosphere suspensions (10 mg/kg) on two phases in wistar rats, there

was a rapid absorption, distribution, and elimination of the drug solution. The maximum drug

concentration was observed after 30 min of subcutaneous injection of all the tested nanosphere

formulations.15 Polyethylcyanoacrylate-hydroxypropyl cyclodextrin showed the highest concen-

tration, followed by polyisobutylcyanoacrylate–dextran and polyethylcyanoacrylate–dextran. The

area under the curves of all nanoparticle formulations was 4.8- to 1.88-times higher than that

obtained for the solution form.

Earlier studies showed that polystyrene and other biodegradable microspheres delivered to the

intestine are preferentially absorbed by the M-cells of the Peyer’s patches.86,87 Intragastric admin-

istration of azidothymidine-loaded PIHCA nanoparticles resulted in high concentration in the

intestinal mucosa as well as in the Peyer’s patches.88 Once localized in the mucous or intestinal

tissue, the azidothymidine could be slowly released by the enzymatic action of esterases. Very low

levels of azidothymidine bound to nanoparticles were detected in the lymph, suggesting an efficient

capture of particles through the Peyer’s patches resulting in an intracellular localization of the drug.

As a result, some immune cells would carry azidothymidine to the mesenteric lymph nodes, the

location of an important viral burden and a major replication site of HIV.

PACA nanoparticles are proved to be suitable delivery systems in comparison to other colloidal

systems, including liposomes. Reszka et al.89 observed that the mitanxantrone-loaded PBCA nano-

particles showed the highest tumor concentrations in B-16 melanoma-bearing mice after intravenous

injection. Four different formulations—mitaxantrone solution, mitaxantrone-loaded negatively

charged liposomes (small unilamellar vesicles), 14C-PBCA nanoparticles, and poloxamine 1508-

coated 14C-PBCA nanoparticles—were studied for the biodistribution and tumor accumulation in the

tumor-bearing mice. The liposomal formulation showed prolonged circulation in the blood and

higher accumulation in the liver and spleen after 24 h of injection, compared to the nanoparticle

formulations. Despite the longer circulation in the blood, however, the liposomal formulation could

not result in high concentrations in the tumors, compared to the nanoparticle formulations, which

showed relatively lower circulation time in the blood, indicating the efficacy of PBCA nanoparticles
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in delivering mitoxantrone to tumors. Similar results involving the higher efficacy of mitoxantrone-

loaded PBCA nanoparticles in B-16 melanoma was reported by Beck et al.28
15.2.4.1 Surface Modification to Alter Biodistribution

The potential of injectable polymeric drug carriers (nanoparticles) is compromised by their

accumulation in the tissues of the mononuclear phagocytic system (MPS). Thus, the therapeutic

efficacy of the drugs associated with the nanoparticles is limited to the treatment of several liver

diseases.90,91 Long-circulating nanoparticles can be obtained by their surface modification with

dysopsonic polymers such as PEG.92,93 Indeed, these hydrophilic and flexible polymers can prevent

the opsonin–nanoparticle interaction, which is the first step of the recognition by the immune

system. In the tumor-bearing animal models, these long-circulating nanoparticles would be able

to extravasate thorough the endothelium, allowing drugs to concentrate in the tumors.94 Recently, it

was shown that the synthesis of amphiphilic PEGylated polymers allows the direct preparation of

PEG-coated nanoparticles, ensuring the stability of the PEG coating layer because the PEG chains

remain chemically linked to the nanoparticle core.95–97 Otherwise, a PEG coating layer simply

adsorbed onto preformed nanoparticles is desorbed in vivo.78 Peracchia et al.98 synthesized a novel

MePEGcyanoacrylate–hexadecylcyanoacrylate (PEG–PHDCA) copolymer, and the presence of a

PEG layer on the nanoparticle surface was confirmed by surface chemical analysis.99 Poly(alkyl

cyanoacrylate) nanoparticles are rapidly biodegradable and hence could be able to release the

associated drug into the bloodstream in a controlled manner before liver capture could occur.

For solid tumors, extravasation could be followed by a rapid degradation of the polymer, leading

to a rapid drug release.100 The cytotoxicity of PHDCA polymer was decreased after its PEGylation

in the mouse macrophage cell line J774.101 This is due to the lower extent of the particle/cell

interaction, because of the steric repulsion effect of PEG chains. Biodistribution studies with the

above MePEGcyanoacrylate–hexadecylcyanoacrylate copolymer nanoparticles revealed that the

nanoparticles exhibited long-circulating properties.102 No effect of the degree of PEGylation on the

plasma retention was observed because increasing the copolymer from 1:5 to 1:2 did not improve

the nanoparticle circulation time. The 1:5 PEG–PHDCA copolymer probably already exhibited a

PEG content that was able to determine a brush PEG configuration103 and, thus, an optimal PEG

density at the particle surface for the steric repulsion to occur efficiently. Together, the nanopar-

ticles showed low liver accumulation and high spleen uptake, representing the possibility of

targeting drugs to this tissue. More recently, a rapidly biodegradable copolymer poly(methoxyethy-

lene glycol-cyanoacrylate-co-n-hexadecylcyanoacrylate) has been developed for the preparation of

stealth nanoparticles.102,104 Similarly, Ping et al.105 synthesized poly(methoxyethyleneglycol

cyanoacrylate-co-n-hexadecyl cyanoacrylate) (PEGylated PHDCA) nanoparticles loaded with an

antitumor agent salvicine. The nanoparticles showed a significant initial burst of salvicine followed

by a sustained release in 7.4 pH phosphate-buffered saline, thus suggesting its usefulness in

tumor therapy.
15.2.5 TOXICITY OF POLYALKYL CYANOACRYLATE NANOPARTICLES

Toxicity of PACA nanoparticles varies depending on the alkyl chain length in the polymer. Incu-

bation of hepatocytes with 1% poly(methyl cyanoacrylate) nanoparticles resulted in complete

perforation of cell membranes.106,107 However, PIBCA nanoparticles showed no signs of toxicity

at the same concentration. This toxicity is probably due to the presence of nanoparticle degradation

products in the cytoplasm following their phagocytosis. The low toxicity of isobutyl product is due

to its slower degradation than the methyl product. The toxicity and safety data on PBCA nano-

particles is somewhat contradictory. Kante et al.106 found LD50 of 230 mg/kg of PBCA

nanoparticles injected intravenously in mice. Olivier et al.108 observed a 30–40% mortality rate

in mice after the injection of 166 mg/kg of PBCA nanoparticles; some animals died even at low
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doses. Meanwhile, Simeonova et al.,109 in an investigation of the immunomodulating properties of

PBCA nanoparticles in mice, did not report any signs of toxicity at doses as high as 200 mg/kg. A

much higher LD50 of 585 mg/kg was found for nanoparticles made of a similar polymer PHCA.110

Gelperina et al.111 reported no mortality in rats even after administering up to 400 mg/kg of empty

PBCA nanoparticles.

The implantation into the tissue of monomers, which polymerize within the body in orthopedic

surgery and percutaneous minimally invasive radiological procedures, was performed earlier. The

polymerization was mostly exothermic, and is associated with the toxicity to the tissue.112,113 The

use of n-butylcyanoacrylate in the endovascular treatment of arteriovenous malformations has been

well documented.113,114 Implantation of n-butyl-2-cyanoacrylate (NBCA) has resulted in a good

occlusive effect on the parenchyma of highly vascular tumors, with extensive intralesional necrosis.

The antitumor effect of the NBCA at the implant surface on adjacent tumors appeared limited.115

Histopathological examination of a surgically removed malignant pelvic para-ganglioma after a

percutaneous injection of NBCA, three days after the NBCA injection, revealed variable degrees of

tumoral necrosis.116 Areas surrounding small volumes of NBCA at the periphery of the tumor

showed practically no necrosis, whereas regions inside the tumor plastified with NBCA presented

greater degrees of necrosis, especially toward the center of the tumoral mass (Figure 15.3).

However, no necrosis was found at a macroscopic level outside the implant, indicating that the

NBCA allowed for the destruction of tumor tissue within the heavily plastified areas. The carcino-

genic potential of cyanoacrylate adhesive and isobutyl-2-cyanoacrylate were also reported

respectively by Matsumoto117 and Samson and Marshal.118 Induction of malignant fibrous histio-

cytoma in female Fisher rats by implantation of foreign bodies was studied by Hatanaka et al.119

Five kinds of foreign bodies (silicone, cellulose, polyvinyl chloride, and zirconia and alkyl-alpha

cyanoacrylate) were implanted into the subcutaneous tissue of female Fisher rats. The tumors

developed in almost all the cases was composed of a mixture of cells that resembled fibroblast,
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FIGURE 15.3 Uptake by rat brain of i.v. injected doxorubicin loaded to polysorbate 80-coated nanoparticles.

Doxorubicin levels in rat brain (mg/g) versus time (min). C Doxorubicin (5 mg/kg) in saline. $ Doxorubicin

(5 mg/kg) bound to nanoparticles overcoated with 1% polysorbate 80. (From Gulyaev, A. E. et al., Pharm.

Res., 16, 1564, 1999. With permission.)
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Golgi apparatus, histiocytes, myofibroblasts, and immature mesenchymal cells. A rat malignant

fibrous histiocytoma transplanted into the subcutaneous tissue of the syngeneic female Fisher rats

grew and metastasized to the lungs. Canter et al.120 reported the consecutive pathological findings

of a patient who underwent surgery for facial hemangioma after percutaneous injection of NBCA

for devascularization of a lesion. The patient underwent additional surgery one month and six

months after the initial operation for the removal of the residual NBCA cast from the injection

site. Acute inflammatory findings after injection of NBCA and the development of a chronic

granulomatous foreign-body reaction support the histological findings of experimental animal

studies and postmortem examinations of humans. Though the alkylcyanoacrylates of smaller

alkyl chain lengths exhibited considerable toxicity, the alkylcyanoacrylates of larger chain

lengths such as isohexylcyanoacrylate nanoparticles resulted in negligible toxicity121 and drove

them to their clinical trials.

15.2.5.1 Toxicity of Drugs Associated with Poly(Alkyl Cyanoacrylate) Nanoparticles

The study of the acute toxicity of doxorubicin associated with polysorbate 80-coated nanoparticles

in healthy rats and rats with intracranially implanted 101/8 glioblastoma was reported by Gelperina

et al.111 Single intravenous administration of empty PBCA nanoparticles in the dose range of 100–

400 mg/kg did not cause mortality within the period of observation and also did not affect body

weight or the weight of the internal organs. Association of doxorubicin with PBCA nanoparticles

did not produce significant changes of quantitative parameters of acute toxicity of the antitumor

agent. Efficacy and toxicity of mitoxantrone-loaded PACA nanoparticles were compared with a

drug solution and with a mitoxantrone-liposome formulation.89 Furthermore, the influence of an

additional coating surfactant, poloxamine 1508, which has been shown to change the body distri-

bution of other polymeric nanoparticles, was investigated. PACA nanoparticles led to a significant

reduction in tumor volume of B-16 melanoma in mice compared to liposomes. However, neither

nanoparticles nor liposomes had overcome the mitoxantrone-associated leucocytopenia.

In a study by Gibaud et al.122 involving the determination of the myelosuppressive effects of

free and PACA-bound doxorubicin in mice in vivo, the alkyl cyanoacrylate nanoparticle-bound

doxorubicin showed the highest myelosuppressive effect. The total and differential counts of blood,

bone marrow, and spleen cells, as well as the number of granulocyte progenitors (CFU-GM), was

determined by culture after the intravenous injection of 11 mg/kg body weight of doxorubicin,

either free or bound to PIBCA or PIHCA nanoparticles. Doxorubcin bound to PIHCA nanoparticles

showed the highest and longest myelosuppressive effects, which correlated well with a high

concentration of the drug in the bone marrow and spleen. Furthermore, the PIHCA nanoparticles

induced the release of colony-stimulating factors, which might account for the observed increase in

the toxic effects of doxorubicin on bone marrow progenitors.

15.2.6 DRUG DELIVERY IN CANCER WITH POLY(ALKYL CYANOACRYLATE) NANOPARTICLES

15.2.6.1 Targeting to Cancer Cells and Tissues

Increase in the antitumoral activity of many anti-cancer drugs was also observed when loaded in

polyisohexylcyanoacrylate nanoparticles. A study123 conducted with doxorubicin-loaded polyiso-

hexylcyanoacrylate nanoparticles administered i.v. to the C57BL/6 mice consisting of metastases

induced by i.v. inoculation of reticulosarcoma M5076 cell suspension showed a dramatic increase

in the antitumoral activity of the drug. Doxorubicin measurements in healthy hepatic or neoplastic

tissue, carried out with histological examinations using TEM, demonstrated that the hepatic tissue

is an efficient reservoir of the drug when it was injected in association with nanoparticles. Accumu-

lation of doxorubicin-associated nanoparticles suggests that the Kupffer cells created a gradient of

drug concentration for a massive and prolonged diffusion of the free drug toward the neoplastic

tissue. The negatively charged mitoxantrone PBCA nanoparticles (DHAQ-PBCA-NP) prepared by
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EP method124 following intravenous administration were concentrated mainly in liver tumors. The

accumulation of DHAQ-PBCA-NP was higher in the liver tumors than in the liver tissue. Yang et

al.125 compared antitumor activity of mitoxantrone (DHAQ) and mitoxantrone-polybutyl cyanoa-

crylate-nanosphere (DHAQ-PBCA-NS) against experimental liver tumor H22 in mice. The results

of antitumor activity determination of both drugs with different treatment schedules showed

DHAQ-PBCA-NS to present higher activity than DHAQ; DHAQ-PBCA-NS is possessed of

liver-targeting property.

Soma et al.126 demonstrated that the Doxorubicin-loaded PACA nanoparticles are more

efficient than free drugs in mice bearing hepatic metastasis of the M5076 tumor. High phagocytic

activity of Kupffer cells in the liver played the role of drug reservoir after nanoparticle phagocytosis.

The study also assessed the role of macrophages in mediating the cytotoxicity of doxorubicin-loaded

nanoparticles on M5076 cells. After the phagocytosis of the doxorubicin-loaded nanoparticles,

J774.A1 cells were able to release the active drug, allowing it to exert its cytotoxicity against

M5076 cells. Intracellular accumulation and DNA binding of doxorubicin encapsulated in PIHCA

nanospheres and of daunorubicin bound to polyglutamic acid (DGA) in comparison with free Dox

and daunorubicin was studied by Bogush et al.127 using methods involving interaction between an

anthracycline and cellular DNA to understand how the drug reaches its nuclear targets. The results

showed that the intracellular accumulation and DNA binding of Dox-loaded nanospheres and DGA

are reduced by 30–40% in comparison with those obtained for free doxorubicin and

daunorubicin, respectively.

Studies by Bennis et al.128 on the cytotoxicity and accumulation of doxorubicin encapsulated in

PIHCA nanospheres in a model of doxorubicin-resistant rat glioblastoma variants revealed that the

cytotoxicity differed with the degree of resistance to this drug. The nanoparticle associated Dox was

more cytotoxic than the free Dox, whereas co-administration of drug-free nanoparticles with free

Dox did not significantly modify the cytotoxicity of Dox. However, Simeonova and Antcheva129

reported that the cytotoxic activities of drug-free PBCA nanoparticles free of vinblastine, vinblas-

tine-loaded nanoparticles (by incorporation and adsorption processes), and a mixture of vinblastine-

free and drug-free PBCA nanoparticles, when compared in vitro on human erythroleukemic K-562

cells, showed enhanced cytotoxicity when vinblastine was either adsorbed on PBCA or mixed with

them rather than free. When vinblastine was incorporated into the polymer matrix of nanoparticles,

a lag period and a postponed cytotoxic effect on K-562 cells was observed. Preclinical studies121 in

21 patients with refractory solid tumors also confirmed an increase in doxorubicin cytotoxicity and

a decrease in cardiotoxicity when incorporated into biodegradable PIHCA by modifying tissue

distribution. In clinical studies130 conducted on 21 patients with Stages III–IV maxillary tumors,

antitumor drugs deposited with a cyanoacrylate adhesive solution showed immediate and late

results of therapy. This evidence of deposition of the drug and its regulated elimination from the

composition helps create a high concentration of the agent at the operation site where the tumor

elements remained after surgery.

Pan et al.131 demonstrated the higher efficacy of 5-FU when loaded into PBCA nanocapsules

with a diameter of 338 nm, compared to the free drug in S180, HepS, and EAC tumors.

The in vitro and in vivo antihepatoma effects of the liver-targeted drug delivery system lyophi-

lized aclacinomycin-A loaded polyisobutylcyanoacrylate nanoparticle (ACM-IBC-NP) was found

to be significantly concentration dependent.132 The antihepatoma activity of lyophilized

ACM-IBC-NP was higher than that of the aclacinomycin-A. Similarly, actinomycin-D absorbed

into polymethylcyanoacrylate nanoparticles showed increased efficiency against an experimental

tumor in comparison to the free drug.133

The antitumor efficacy of a medical-grade cyanoacrylate adhesive MK-8-based composition

with prospidin has been studied by Chissov et al.,134 and the kinetics of the drug elimination have

been followed up in a rat model. The findings showed a prolongation of the relapse-free period and

a longer survival of the experimental animals. Clinical trials of the composition carried out in 70

patients with esophageal carcinomas showed local disseminated forms in 52 patients. Application
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of the adhesive composition has not increased the rate of postoperative complications; in some

cases, the life span of patients after palliative surgery was considerably longer. In a study by Pérez

et al.135 using an N-butyl-2-cyano acrylate-based tissue adhesive, Tisuacryl, as a nonsuture method

for closing wounds in oral surgery involving apicectomy, molar extractions, and mucogingival

grafting, the adhesive was well tolerated by the tissue and permitted immediate hemostasis and

normal healing of incisions.

Association of 5-FU to PBCA nanoparticles also showed enhanced efficacy against Crocker

sarcoma S 180 and a higher toxicity of the drug, as measured by induced leukopenia, body weight

loss, and premature death.31 The efficacy was further increased by an increase in the polymer-

to-drug ratio. The nanoparticles yielded a prolonged persistence of the 5-FU in all organs examined,

including the tumor.
15.2.6.2 Drug Delivery to Resistant Tumor Cells

Several cancers show resistance to conventional chemotherapy. Resistance to cancer chemotherapy

involves both altered drug activity at the designated target and modified intra-tumor pharmacoki-

netics (e.g., uptake and metabolism). The membrane transporter P-glycoprotein plays a major role

in pharmacokinetic resistance by preventing sufficient intracellular accumulation of several anti-

cancer agents. Inhibiting the P-glycoprotein has great potential to restore chemotherapeutic effec-

tiveness.136 PACA nanoparticles were found to overcome multi-drug resistance (MDR) phenomena

at both the cellular and noncellular level.137,138

Doxorubicin is a well known P-glycoprotein substrate. The resistant cells treated with doxor-

ubicin-loaded PACA nanoparticles showed much higher sensitivity to the drug relative to the free

doxorubicin.139 Dox and Dox-loaded PIHCA nanoparticles were tested in two human tumor cell

lines, K562 and MCF7, at increasing concentrations. The cell lines were more resistant to the free

Dox than to the Dox-loaded nanoparticles. However, the MCF7 sublines showed a higher level of

resistance to Dox-loaded nanoparticles than that of the free Dox. Different levels of overexpression

of several genes involved in drug resistance (MDR1, MRP1, BCRP, and TOP2alpha) occurred in

the resistant variants. MDR1 gene overexpression was consistently higher in free-Dox selected cells

than in Dox-loaded nanoparticle-selected cells; this was the reverse for the BCRP gene. Over-

expression of the MRP1 and TOP2alpha genes was also observed in the selected variants. The

results indicate that several mechanisms may be involved in the acquisition of drug resistance and

that drug encapsulation markedly alters or delays these processes.140

Further experiments, such as uptake studies in the presence of cytochalasin B or efflux studies,

indicated a possible mechanism of nanoparticle–cell interaction. The degradation of the drug carrier

was also shown to play a key role in the mechanism of action. The formation of an ion pair by the

polycyanoacrylic acid resulting from the nanoparticle degradation with doxorubicin141 has been

considered as one of the possibilities (Figure 15.4). It was hypothesized that the nanoparticles

adhere to the cell surface, followed by the release of doxorubicin and nanoparticle degradation

products, which combine as an ion pair able to cross the cell membrane without being recognized

by the P-glycoprotein (Figure 15.5).142,143 The ion pair was considered to form between the

positively charged doxorubicin and the negatively charged polycyanoacrylic acid, resulting in

the charge masking of the doxorubicin and thereby making it more lipophilic and able to cross

the cell membrane. The formation of an ion pair of 2-cyano-2-butyl hexanoic acid (a PACA-like

molecule) with the doxorubicin has been assessed using ion pair reverse-phase high-performance

liquid chromatography. As the PACA possess high molecular weight (w1000) and their nanopar-

ticles possess large polydispersity, a PACA-like molecule, i.e., 2-cyano-2-butyl hexanoic acid

(molecular weight of 197.28 g/mol) was used to investigate the formation of the ion pair. The

ion pair formation was found between the charged amino group of doxorubicin and the carboxyl

group of 2-cyano-2-butyl hexanoic acid, leading to the overall decrease in charge of the drug and

the increase in drug lipophilicity (Figure 15.6). The experimental results were justified based on two
q 2006 by Taylor & Francis Group, LLC



FIGURE 15.4 Histological section of resected paraganglioma after percutaneous NBCA injection. (a) Section

close to the tumor surface showing NBCA (void) and viable tumor around the implant (H&E,

original magnification X25). (b) High-power view of (a). Note absence of necrosis around the implant

(H&E, original magnification X100). (c) Section in a deeper zone of the tumor. Note extensive necrosis

(H&E, original magnification X25). (d) High-power view of (c). Note an acellular necrotic area (H&E, original

magnification X100). (From San Millan Ruiz, D. et al., Bone, 25(Suppl. 2), 85S, 1999. With permission.)
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assumptions: (1) the 2-cyano-2-butyl hexanoic acid and PACAs behave similarly in terms of acidic

properties, and (2) the organic and aqueous buffer mixtures used in the chromatographic procedure

could be correlated with the physiological medium.

In another experiment,142 C6 rat glioblastoma cells—the sensitive, resistant C6 0.001 (continu-

ously grown in 0.001 mg doxorubicin/mL medium) and the C6 0.5 cells (continuously grown in

0.5 mg doxorubicin/ml medium)—and the drug/formulation were separated by a polycarbonate

membrane (pore size 0.2 mm) (Figure 15.7). The C6 sensitive cells showed the same cytotoxicity

in the presence or absence of the membrane. While the doxorubicin-loaded PIHCA nanoparticles

were found to overcome the resistance of C6 0.001 and C6 0.5 compared to the free drug and free

drug C blank nanoparticles when in direct contact with the drug, a 4-fold and 5-fold resistance,

respectively, was maintained when separated by the membrane. This clearly indicates the necessity

of contact of the drug-loaded nanoparticles with the cell membranes to overcome the MDR in

resistant cells. To confirm the possible interference of the nanoparticle degradation products with

P-glycoprotein, the inhibition study of tritiated azidopine binding to the P-glycoprotein enriched

membranes of C6 0.5 cells was performed. The blank nanoparticles could not inhibit the azidopine

binding even after spontaneous degradation, whereas both the free doxorubicin and its nanoparticle

formulation decreased the binding, indicating that the degradation products of nanoparticles do not

have a direct role in P-glycoprotein (P-gp) inhibition and that it is the combination of both the
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FIGURE 15.5 Hypothesis about the mechanism of action of PACA nanoparticles to overcome MDR at the

cellular level. Drug-loaded nanoparticles are not endocytosed by the resistant cells (a) but adhere to the cell

surface where they degrade and simultaneously release degradation products and the drug (b). The degradation

products and the drug form ion pairs (c) that can penetrate the cells without being recognized by the P-gp and,

by this means, increase the intracellular concentration of the anti-cancer drug in the resistant cells. (From

Vauthier, C. et al., J. Control. Release, 93, 151, 2003. With permission.)
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doxorubicin and the PACA in the nanoparticle formulation that plays a role in

P-glycoprotein inhibition.

Among the various strategies implemented for bypassing the MDR in cancer cells (such as the

use of ribozymes,144 oligonucleotides,145 and chemosensitizing compounds), the co-administration

of chemosensitizing compounds with the anti-cancer agents has been widely investigated.146

Of such compounds, cyclosporine A, a potent immunosuppressive agent, was shown to prevent

MDR in resistant cells in culture147 and exhibited promising clinical results in refractory

leukemia.148 Cyclosporine A is believed to bind directly to P-gp, thereby inhibiting the efflux

pump of the cytotoxic agents, resulting in their higher intracellular accumulation. Co-encapsulation

of cyclosporine A and doxorubicin into polyisobutyl cyanoacrylate nanoparticles has resulted in

a significant improvement in the reversion of MDR in P388-resistant cells compared to

the mixed solution of doxorubicin and cyclosporine A and the nanoparticle-loaded doxorubicin

incubated with free cyclosporine A.149 The nanoparticles target the loaded drugs close to the cell

membrane, providing the higher drug concentrations at the cell surface,150 and this could be the

reason for the higher efficacy of drugs loaded into the nanoparticles compared to those in

solution form.

Co-administration of cyclosporine A with anti-cancer agents was shown to overcome the multi-

drug resistance in resistant cell lines.147 To understand the contribution of macrophages in deli-

vering the doxorubicin-loaded nanoparticles to the tumor cells, a co-culture of sensitive or resistant

P388 tumor cells and macrophage monocyte cells J774.A1 were incubated with the free doxor-

ubicin, doxorubicin-loaded isobutylcyanoacrylate nanoparticles, and a combined cyclosporine A

and doxorubicin-loaded nanoparticle formulation.151 When incubated directly with tumor cells,
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FIGURE 15.6 2-Cyano-2-butyl hexanoic acid and doxorubicin. (a) Hypothesis on the biological action of

PACA ion pair formation with doxorubicin. (b) Structure of the hypothetic ion pair formation and synthesis of

the 2-cyano-2-butyl hexanoic acid (From Pepin, X. et al., J. Chromatogr. B, 702, 181, 1997. With permission.)
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FIGURE 15.7 Schematic representation of the experimental device used for separating cell and drug compart-

ments by a polycarbonate membrane (pore size 0.20 km). (From Hu, Y.-P. et al., Cancer Chemother.

Pharmacol., 37, 556, 1996. With permission.)
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both the doxorubicin and the doxorubicin-loaded nanoparticle formulation were equally cytotoxic.

However, in co-culture, the doxorubicin-loaded nanoparticle formulation was more effective than

the free doxorubicin. In co-culture, whereas the nanoparticle-loaded doxorubicin enhanced the

cytotoxicity compared to the free drug, it has partly overcome the multidrug resistance in resistant

cells. The addition of cyclosporine A improved the cytotoxicity of doxorubicin irrespective of the

formulation, but it could not overcome the MDR. However, the efficacy of cyclosporine A in

overcoming the MDR was higher in the case of the combined nanoparticle formulation with the

doxorubicin, compared to the effect seen with the mixed nanoparticles of cyclosporine A and the

doxorubicin prepared separately. Such a combinatorial nanoparticulate system would have both

enhanced efficacy against the tumor and be able to overcome the adverse effects associated with the

administration in the free form.

Doxorubicin-14-O-hemiadipate (a 14-O-hemiadipate of doxorubicin) (H-Dox) was shown to

partially circumvent the P-gp in MCF7/R human breast carcinoma and P388/R murine leukemia

cell lines.152 The comparative studies of the accumulation, retention, and intracellular localization

of H-Dox and Dox in Dox-sensitive murine leukemia cell line P388/S and its resistant variant, Pgp-

positive drug-resistant P388/R subline, in the presence or absence of cyclosporine A, showed a

38-fold decrease in Dox accumulation but only a 5-fold decrease in H-Dox accumulation, indicat-

ing a greater than 7-fold increase in H-Dox buildup in resistant cells. Coincubation with

cyclosporine A resulted in a 54-fold increase in Dox accumulation and only a 5-fold increase in

H-Dox uptake in P388/R cells, restoring the doxorubicin levels in P388/R to 100% of that found in

P388/S cells. Once internalized by the resistant cells, H-Dox was retained better than Dox, regard-

less of the presence or absence of CsA. The H-Dox was localized in the nuclei of the P388/R cells

but not the Dox.153 Coadministration of chemosensitizers like the cyclosporine analogue SDZ PSC

833 [(3 0-keto-Bmt1)-(Val2)-cyclosporin] (PSC 833) and anti-cancer drugs has been shown to

possess powerful chemosensitization properties in vitro, in addition to being intrinsically

nontoxic.154

Complete reversion of drug resistance in vitro was demonstrated by Cuvier et al.137 with

Doxorubicin-loaded PACA nanoparticles in terms of cell growth inhibition comparable with that

obtained with sensitive cells exposed to free Dox. In vivo experiments showed significantly

prolonged survival of P388-Adr-resistant leukemia bearing mice that had previously received

P388-Adr-R cells by i.p. injections of Dox-NS, whereas free Dox injection was ineffective

against this rapidly growing tumor. Intracellular concentration and the cytoplasmic and nuclear

distribution of Dox as measured by laser microspectrofluorometry (LMSF) showed a similar

accumulation and distribution of Dox, regardless of the form of Dox delivery in the sensitive

cells, whereas Dox-NS accumulated the same amount in resistant cells.

Use of folate receptor-specific drug conjugates and their nanoparticles/liposomes forms is

another strategy for bypassing multi-drug resistant efflux pumps. Folic acid, attached to polyethy-

leneglycol-derivatized, distearoyl-phosphatidylethanolamine, was used by Goren et al.155 to target

liposomes to folate receptor (FR)-overexpressing tumor cells in vitro. Additional experiments with

DOX-loaded, folate-targeted liposomes (FTLs) indicate that liposomal DOX is rapidly internalized,

released in the cytoplasmic compartment, and, shortly thereafter, detected in the nucleus, the entire

process lasting 1–2 h. FR-mediated cell uptake of targeted liposomal DOX into a multi-drug

resistant subline of M109-HiFR cells (M109R-HiFR) was unaffected by P-glycoprotein-mediated

drug efflux, in sharp contrast to the uptake of free DOX.
15.2.6.3 Drug Delivery to Hepatocellular Carcinomas

Hepatocellular carcinomas (HCCs) are generally identified clinically at an advanced stage,

usually in combination with cirrhosis. Though optimal, surgical resection is associated with

a high rate of recurrence. Approaches to prevent recurrence, like chemoembolization after

surgery, have not proven to be beneficial. Both doxorubicin and cisplatin are frequently
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used in the treatment of these carcinomas, but the overall response rates are low and neither

approach seems to prolong the survival. Newly emerging agents with promising results include
90Y microspheres, antiangiogenesis agents, inhibitors of growth factors and their receptors, and

K vitamins.156

HCC is known to be chemoresistant to anti-cancer drugs due to the expression of multi-drug

resistant (MDR) transporters. Doxorubicin loaded into the PACA nanoparticles enhanced the

efficiency of treatment in the M5076 murine hepatic tumor metastasis in mice.91 After intravenous

injection, the doxorubicin-loaded PBCA nanoparticles resulted in higher hepatic concentrations in

tumor-bearing mice. Histology of the mouse liver after the intravenous injection of the nanoparticle

formulation revealed greater accumulation of nanoparticles in the Kupfer cells but not in the tumor

cells.123 This was supposed to be the result of macrophage uptake and subsequent capture by the

Kupfer cells, of the nanoparticle formulation owing to the hydrophobicity of the nanoparticles, and

then the drug release close to the tumor cells in the liver. To better understand the role of macro-

phages in delivering the nanoparticle-bound doxorubicin to the tumor cells, a co-culture system was

developed consisting of two compartments separated by a porous polyester membrane (Transwell

clear insert).126 The results were compared with the control experiments involving direct incubation

of drug/formulations with the tumor cells. The M5076 cells were seeded into the lower

compartment, whereas the J774.A1 macrophage monocyte cells were placed on the top of the

membrane. The doxorubicin and doxorubicin-loaded isobutylcyanoacrylate nanoparticle

formulation were added to the upper compartment containing macrophages. The doxorubicin

and nanoparticle formulation showed a 5-fold increase in IC50 of M5076 tumor cells in the

co-culture system. In some groups of experiments, the recombinant mouse interferon-g (IFN-

g) was added to the macrophage compartment before the addition of the formulation to activate

the macrophages. This would result in the release of cytotoxic factors such as IFN-a and nitric

oxide.157 Doxorubicin and nanoparticle formulation were found to be more cytotoxic when the

macrophages were activated by IFN-g. In fact, this would probably be a result of a synergistic

effect of the cytotoxic factors, especially nitric oxide released by the activated macrophages and

the nanoparticle formulation because the role of antitumor factors in the inhibition of tumors both

in vitro and in vivo has been well documented.158,159 This co-culture system gives a clear

indication of the role that macrophages play after intravenous injection in enhancing the

cytotoxicity of the doxorubicin-loaded PACA nanoparticle formulation and its efficacy in

liver tumor.

Recently, Barraud et al.160 compared the antitumor efficacy of Dox-loaded PIHCA nanoparti-

cles with free doxorubicin, both in vitro and in vivo, in HCC-bearing transgenic mice

overexpressing the mdr1 and mdr3 genes. The 50% inhibition concentration (IC50) of doxorubicin

in vitro on different human hepatoma cell lines decreased with the nanoparticle formulation,

compared to that of free Dox. Dox-loaded nanoparticles showed an enhanced MDR reversal in

these cells.

Mitoxantrone-loaded PBCA nanoparticles showed higher tumor concentration after intrave-

nous injection in the B-16 melanoma-bearing mice.89 These nanoparticles have also shown higher

efficacy in the treatment of B-16 melanoma.28 The efficacy of mitoxantrone-loaded PBCA nano-

particles after intravenous administration was also tested in heterotopic and orthotopically

transplanted human HCC-bearing mice.161 The efficacy of the mitoxantrone-loaded nanoparticles

was compared with that of free mitoxantrone and doxorubicin. In orthotopically transplanted

mice, all three preparations produced a similar effect. Microscopic examination revealed that the

mitoxantrone-loaded nanoparticles showed enhanced antitumor activity in heterotopically trans-

planted mice, which was supported by a low tumor cell proliferation. The nanoparticles also did not

show any signs of toxicity of the heart, spleen, lung, and kidney, indicating their effectiveness

in tumor therapy and that the fact that they had overcome the adverse effects associated with the

anti-cancer agents.
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15.2.6.4 Drug Delivery to Brain Tumors

Brain tumors are one of the most lethal forms of cancer. Many primary brain tumors are most

resistant to chemotherapy, probably due to the presence of a tight BBB.162 They are extremely

difficult to treat due to a lack of therapeutic strategies capable of overcoming barriers for effective

delivery of drugs to the brain. In fact, the vasculature of gliomas possess some special features:

open endothelial gaps (inter-endothelial junctions and transendothelial channels having diameter of

about 0.3 mm), fenestrations (5.5 nm maximum width), cytoplasmic vesicles such as caveolae (50–

70 nm diameter), and vesicular vacuolar organelles (108G32 nm diameter). All of these features

are due to the secretion of a vascular endothelial growth factor (VEGF) that causes the loss of the

barrier function of BBB, which is essential for delivering drugs to the brain.163 Nanoparticles are

considered suitable for delivering drugs to the brain, but they should possess the following ideal

characteristics:164 (1) a nontoxic, biodegradable, and biocompatible nature; (2) a particle diameter

less than 100 nm; (3) exhibit physical stability in the blood (no aggregation); (4) avoidance of the

MPS (no opsonization) prolonged blood circulation time; (5) a BBB-targeted brain delivery

(receptor-mediated transcytosis across brain capillary endothelial cells); (6) a scalable and cost-

effective manufacturing process; (7) be amenable to small molecules, peptides, proteins, or nucleic

acids; (8) exhibit minimal nanoparticle excipient-induced drug alteration (chemical degradation/

alteration, protein denaturation); and (9) show possible modulation of drug release profiles.

Extensive efforts have been made to develop novel strategies to overcome the obstacles for

brain tumor drug delivery.165 PACA nanoparticles enabled the delivery of a number of drugs,

including doxorubicin, loperamide, tubocurarine, the NMDA receptor antagonist MRZ 2/576,

and the peptides dalargin and kytorphin across the BBB after coating with surfactants.166

However, only the surfactants polysorbate (Tween) 20, 40, 60, and 80, as well as some poloxamers

(Pluronic F68), can induce this uptake. The mechanism for the delivery across the BBB most likely

is endocytosis via the LDL receptor by the endothelial cells lining the brain blood capillaries after

the injection of nanoparticles into the blood stream. This endocytotic uptake seems to be mediated

by the adsorption of apolipoprotein B and/or E from the blood. After this process, the nanoparticle-

associated drug may be released into the cells that diffuse into the internal parts of brain or the

particles may be transcytosed.

Unfortunately, the conventional approaches resulted in only sub-therapeutic concentrations in

the brain, due to the short plasma half-life of the compounds as well as the carrier system. Surface

coating the carrier system with polyethylene glycol led to the enhancement of plasma residence

time, due to the formation of a steric barrier preventing the interaction of the carrier with the plasma

proteins (opsonins) and thus preventing the opsonization and further uptake by the MPS.92,101

PEG-coated-polyalkylcyanoacrylate nanoparticles consisting of the amphiphilic copolymer

poly(PEGCA-co-hexadecyl cyanoacrylate) showed longer blood circulation time and better brain

penetration than the nanoparticles coated with polysorbate 80 after intravenous injection in mice

and rats. Unlike the polysorbate 80-coated nanoparticles, the penetration of poly(PEGCA-co-

hexadecyl cyanoacrylate) nanoparticles into the brain occurred without any modification of the

BBB. The brain permeability of the nanoparticles further increased in pathological conditions,

where the permeability of the BBB itself is modified. This has been demonstrated with rats

bearing an experimental allergic encephalomyelitis after intravenous injection.167

PEG-coated hexadecylcyanoacrylate nanospheres synthesized by Brigger et al.168 showed a

significant accumulation after intravenous injection in gliosarcoma in rats. The radioactive [14C]-

poly(hexadecylcyanoacrylate) ([14C]-PHDCA) and [14C]-poly(MePEG2000cyanoacrylate-co-

hexadecylcyanoacrylate) 1:4 (PEG–PHDCA) ([14C]-PEG–PHDCA) nanospheres were prepared

using the nanoprecipitation technique. This procedure involves the dissolution of the radioactive

polymer in a warm acetone, followed by the addition of the acetonic solution into the aqueous

phase, resulting in the precipitation of nanospheres. The [14C]-PHDCA and [14C]-PEG–PHDCA

nanospheres possessed a mean diameter of about 150 nm. Intravenous injection of the
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[14C]-PEG–PHDCA nanospheres into the rats inoculated intracerebrally with 9L gliosarcoma cells

resulted in a long circulation time in the blood. Both [14C]-PHDCA and [14C]-PEG–PHDCA

nanospheres were able to selectively extravasate the BBB and accumulated more in the gliosarcoma

than in the peritumoral brain. However, this effect was significantly higher (3.1-times greater

accumulation (p!0.05)) for [14C]-PEG–PHDCA nanospheres than for the [14C]-PHDCA nano-

spheres. Intravenous injection of a hydrophilic tracer [3H]-sucrose to the tumor-bearing rats (seven

days after the inoculation of tumor cells) to assess the permeability of the BBB showed that the 9L

gliosarcoma and, to a lesser extent, the peritumoral brain region were hyperpermeable to sucrose,

indicating a selective disruption of the BBB at the pathological site and slight edematous

surrounding the brain. The permeability of the BBB was not observed at the intracerebral injection

site of the control rats, indicating that the BBB alteration was only due to the presence of

cancerous cells.
15.2.6.5 Drug Delivery to Breast Cancer

Resistance to cancer chemotherapy involves both altered drug activity at the designated target and

modified intra-tumor pharmacokinetics (e.g., uptake and metabolism). Two proteins in particular—

P-glycoprotein (P-gp) and MDR-associated protein (MRP2)—are responsible for MDR associated

with a variety of cancers.169 BCRP (breast cancer resistant protein) is another type of protein that

appears to play a major role in the MDR phenotype of a specific human breast cancer.170 Cancer

cells overexpressing these proteins are resistant to several chemotherapeutic agents, including the

anthracyclines, and show a reduced nuclear accumulation of anthracyclines.171 The ability of

PACA nanoparticles to overcome the MDR of cancer cells has been well documented.137,172

MRP1 is considered to be a transporter of some conjugated organic anions and drug-glutathione

conjugates.173 When delivered through PACA nanoparticles, doxorubicin forms an ion pair with

the polycyanoacrylic acid and penetrates the cell membrane in resistant cells.141 The efficacy of

doxorubicin-loaded PIHCA nanoparticles was evaluated in resistant human breast adenocarcinoma

cells, i.e., MCF7/VP and MCF7/doxorubicin overexpressing MRP1 and P-glycoprotein, respect-

ively.171 The MCF7/VP and MCF7/doxorubicin were 34 and 47 times resistant to doxorubicin

alone, and 2.5 and 7.7 times resistant to nanoparticle formulation, respectively, compared to MCF7

cells. The nuclear accumulation of doxorubicin at 6 h after treatment was higher in MCF7 cells

(133G22 and 120G41 mM when administered as free doxorubicin and nanoparticle formulation,

respectively), followed by MCF7/VP (97G19 and 107G15 mM administered as free doxorubicin

and nanoparticle formulation, respectively), and MCF7/doxorubicin (59G12 and 66G12 mM

administered as free doxorubicin and nanoparticle formulation, respectively). At 12 h post incu-

bation, the nuclear accumulation of doxorubicin in MCF7 cells did not increase significantly,

whereas the accumulation was significantly higher in MCF7/VP cells (76G10 and 118G30 mM

for free doxorubicin and nanoparticle formulation, respectively). At 18 h post incubation, the

nuclear accumulation still increased in MCF7/VP cells (102G20 and 158G16 mM for free doxor-

ubicin and nanoparticle formulation, respectively). However, the nuclear accumulation for MCF7/

doxorubicin cells did not vary much with time. The confocal microscopic studies indicated the

localization of doxorubicin in the nucleus of MCF7 cells, whereas the localization was observed in

the cytoplasm alone in MCF7/doxorubicin cells after treatment with free doxorubicin and nano-

particle formulation. In contrast, for MCF7/VP cells the localization was in both the nucleus and the

cytoplasm in cells treated with nanoparticle formulation; it was only in the cytoplasm after

doxorubicin treatment.

It was hypothesized that after hydrolysis of the lateral ester bonds, the ion pair passively diffuse

through the lipid bilayer of the cell membrane and some amount of the polycyanoacrylic acid

(3–4 carboxylic group) could interact with glutathione and create a polycyanoacrylic acid–gluta-

thione conjugate that would inhibit the efflux of MRP1–doxorubicin. The ion pair formation

between doxorubicin and polyisohexylxyanoacrylate nanoparticles could also prevent the
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formation of the doxorubicin–glutathione–S-conjugate and hence the MRP1-mediated transport of

the drug.171 Thus, the doxorubicin-loaded PACA nanoparticles overcome the MDR in cells over-

expressing P-glycoprotein and MRP1 accompanied by the nuclear accumulation of doxorubicin.

In support of the above results, Kisara et al.174 observed that the two compounds buthionine

sulfoximine (BSO) and cepharanthine (CE), which decrease the glutathione content in the MDR

cells, showed greater reversal of multi-drug resistance to Dox in MDR cells. Treatment of the MDR

cells with BSO resulted in an enhancement of the cytotoxic effect of Dox by 1.8-fold, whereas CE

caused a greater reversal of drug resistance. BSO treatment also resulted in the decrease in GSH

content of MDR cells compared to that of the sensitive ones. The combination of BSO with CE

caused further potentiation of the antiproliferative effect of Dox in MDR cells.
15.2.6.6 Drug Delivery to Lymphatic Carcinomas

The lymphatic system is the physiological system that maintains the body water balance. It also

controls certain immunological responses. At times, this system acts as a medium for the mestastais

of cancer cells. Due to the peculiarity of the anatomy of the lymphatic interstitium, the achievement

of drug localization into the lymphatic system is limited. Much effort has been made to achieve

lymphatic targeting of drugs using colloidal carriers such as biodegradable nanoparticulate systems,

including nanospheres, emulsions, and liposomes.175 The major purpose of lymphatic targeting is

(1) to provide an effective anti-cancer chemotherapy that will prevent the metastasis of tumor cells

by accumulating the drug in the regional lymph node, and (2) to enhance the localization of

diagnostic agents in the regional lymph node to visualize the lymphatic vessels before surgery.

In the early days of lymphatic-targeting research, some success was achieved in delivering the

emulsions and liposomes to the lymphatic system after intramuscular176 and subcutaneous routes of

administration.177 For effective penetration into the lymphatic interstitium, the carrier systems need

to possess a smaller size, hydrophobicity, and a negative surface charge.178 PIBCA nanocapsules

showed enhanced lymphatic targeting and regional lymph node retention of 12-(9-anthroxy) stearic

acid, a lipophilic model compound.175 The route of administration of the delivery system has a

greater contribution in the delivery of nanoparticles to the lymphatic tumor in mice.179 In vivo

studies conducted by Reddy et al.74 on mice bearing Dalton’s Lymphoma tumor have showed that
99mTc-Dox-loaded PBCA nanoparticles exhibited enhanced accumulation in the lymph node,

compared with the 99mTc-Dox, after subcutaneous injection. A significantly high tumor uptake

of DPBC nanoparticles (w13-fold higher at 48 h post injection) (P!0.001) was found, compared

to free doxorubicin. The accumulation of the nanoparticles in the tumor increased with time,

indicating their slow penetration from the injection site into the tumor. Such a nanoparticulate

system would be advantageous in the lymphoma treatment, offering drug targeting and the

prolonged availability of the drug to the tumor.
15.2.6.7 Drug Delivery to Gastric Carcinomas

Gastric carcinoma falls into the category of the difficult-to-treat tumors. Though the PACA nano-

particles are considered most promising in the tumor-treatment applications, their use in the

delivery of anti-cancer agents to gastric tumors remains limited.

Magnetically targeted systems can be classified in the new generation of drug carriers.

The advantage of these carriers is their ability to minimize the uptake by the reticuloendothelial

system.180 Intra-arterial administration of these systems in the form of magnetic albumin micro-

spheres181 and magnetic liposomes182 has been shown to treat the tumors successfully under the

influence of a strong magnetic field. Recently, Gao et al.183 prepared aclacinomycin-loaded

magnetic iron oxide–PBCA nanoparticles using the interfacial polymerization technique. The

technique involved dispersion of the drug in diluted hydrochloric acid into magnetic fluid, and

the successive addition of the mixture to a hexane containing span 80 and polysorbate 80.
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The buytlcyanoacrylate monomer was added into the above dispersion under stirring, and after 6 h

the newly formed magnetic nanoparticles were separated using a magnet, washed with methanol

and water, lyophilized, and sterilized by 60Co irradiation (15 kGy). These magnetic particles were

210 nm in diameter, and they revealed a core-shell structure in which the iron oxide core was

covered by the polymer coat. The aclacinomycin-loaded nanoparticles were evaluated in mice

implanted with gastric carcinoma near the right fore feet. Administration of drug-loaded magnetic

nanoparticles by intravenous injection into the tumor-bearing mice implanted with a magnet in the

tumor resulted in a higher tumor-inhibition rate than the free aclacinomycin. The nanoparticle

formulation greatly reduced the tumor mass compared to the free aclacinomycin and the drug-

free carrier. The drug-loaded magnetic nanoparticles showed similar activity to that of the drug-free

magnetic nanoparticles in vitro in the absence of a magnetic field in the gastric cancer cell line

MKN-45. They did, however, show enhanced antitumor activity in vivo in tumor-bearing mice.
15.2.6.8 Chemoembolization Using Alkylcyanoacrylates

HCC is the most common liver tumor, with heterogeneity in the tumor behavior and the underlying

liver disease. Recent combinations such as cisplatin, interferon, Adriamycin, and 5-FU are extremely

toxic and yield response rates of only 20%, with no survival advantage compared to supportive care

alone.184 Higher concentrations of cancer chemotherapeutic agents can be delivered directly to the

HCC via the hepatic arterial route. Considering that this route is the major vascular supply of these

tumors, an even larger number of papers have reported the experience of hepatic artery

chemotherapy or hepatic artery chemoembolization (TACE) with single agents, or with a dizzying

combination of agents, and at doses not replicated by any two institutions. Loewe et al.185 evaluated

the potential of transarterial permanent embolization with the use of a mixture of cyanoacrylate and

lipiodol for the treatment of unresectable primary HCC. Loewe et al.186 used NBCA for hepatic

artery embolization for the treatment of small-bowel neuroendocrine metastases to the liver. The

results revealed that the permanent embolization of hepatic arteries as part of a multimodality

treatment protocol is beneficial in long-term follow-up for patients with metastasized small-bowel

neuroendocrine tumors. The use of cyanoacrylate is safe and effective as an embolic agent.

Transarterial embolization (TAE) with the use of microspheres and Lipiodol and cyanoacrylate

for unresectable HCC is a feasible treatment modality. A retrospective analysis of 46 patients with

histologically confirmed HCC was made who were treated with TAE of the hepatic arteries.187 To

induce permanent embolization, the microspheres (Embosphere; 100–700 mm) and a mixture of

ethiodized oil (Lipiodol Ultrafluide) with cyanoacrylate (Glubran) was administrated. No patient

died during embolization or within the first 24 h. Severe procedure-related complications were

observed in 2 patients. At the time of the analysis, 38 of 46 patients were alive. The 180-, 360-, 520-

, and 700-day cumulative survival rates for the total study population were 80.6%, 70.7%, 70.7%,

and 47.1%, respectively, with a median survival of 666 days.

A procedure for effective and promising preoperative embolization of carotid body tumors was

reported by Harman et al.188 Ultrasound-guided direct percutaneous injection of n-butyl cyanoa-

crylate was given, and angiographic road map assistance was used for protection of parent arteries

during the injection. After embolization, complete devascularization of the tumor was achieved

without complications. The tumor was removed surgically with minimal blood loss. Transcatheter

arterial embolization (TAE) of splanchnic arterial branches to allow continuous application of

repeat hepatic arterial infusion chemotherapy (HAIC) was assessed.189 One hundred and twenty-

eight patients with unresectable advanced liver cancer were implanted with a percutaneous port

catheter system and TAE of splanchnic arteries with coils and/or NBCA. The recanalization rate

between coil-embolized and NBCA- or NBCA-coil-embolized arteries, and frequency of hetero-

geneously poor distribution was compared between patients with single arteries and those with

multiple hepatic arteries. The arteries once embolized with coils alone spontaneously recanalized at

a significantly higher rate than those with NBCA. A hepatic artery embolization study carried out
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by Loewe et al.186 using NBCA and ethiodized oil for the treatment of small-bowel neuro-

endocrine metastases to the liver for the treatment of liver metastases from neuroendocrine

small-bowel tumors also concluded that the use of cyanoacrylate as an embolic agent is safe

and effective.

The potential of transarterial permanent embolization with the use of a mixture of cyanoa-

crylate and lipiodol for treatment of unresectable primary HCC was also assessed by Loewe et

al.185 The study included 36 patients with histologically proven HCC who were treated with

transarterial embolization of the hepatic arteries. The study indicated that TAE with use of

cyanoacrylate and lipiodol for unresectable HCC is a feasible treatment modality. A similar

study conducted by Berghammer et al.190 confirmed the safety of the procedure with minimum

side effects. Thus, it constitutes a valuable therapeutic option for patients with Okuda stage I

and II HCC.

A right gastric artery (RGA) embolization study to prevent acute gastric mucosal lesions caused

by an influx of anti-cancer agents into the RGA in patients undergoing repeat HAIC was conducted

on 217 patients with malignant hepatic tumors191 using metallic coils and/or a mixture of n-butyl

cyanoacrylate (n-BCA). RGA embolization was technically successful in the majority of patients

(93%), with the lowest incidence of major complications. The clinical experience of Nadalini

et al.192 using isobutyl-2-cyanoacrylate vesical for embolization of the hypogastric arteries in

cases of serious hemorrhage of the bladder and prostate is also reported. The effect was immediate

results in the majority of cases, a decidedly positive outcome, especially considering the serious

conditions of certain neoplastic patients. Isobutyl-2-cyanoacrylate suspension in Lipiodol was also

used to treat percutaneous transcatheter embolization of the renal artery in clear cell carcinoma193

in nine patients. In most of the patients, the procedure was found to be palliative, with no compli-

cations attributed to the glue or to oil emboli. Preoperative embolization with isobutyl-2-

cyanoacrylate by means of an intra-arterial catheter during selective angiography was adopted

by Carmignani et al.194 in two cases of carcinoma of the kidney.

Traditional preoperative embolization via a transarterial approach has proved beneficial, but it

is often limited by complex vascular anatomy and unfavorable locations.195 Paragangliomas, or

glomus tumors, are the neoplasms of the head and neck. They are remarkably vascular, so surgical

resection can be complicated by rapid and dramatic blood loss.196 These tumors can develop in the

middle ear (glomus tympanicum), the jugular foramen of the skull base (glomus jugulare), or the

head and neck area (glomus caroticum, glomus vagale). Surgical removal of these tumors is also

often associated with a significant intraoperative bleeding rate because of their vascular nature.197–199

Direct percutaneous injection of n-butyl cyanoacrylate resulted in the effective devasculariza-

tion of craniofacial tumors200 and the embolization of oral tumors.201 However, the technique

involved additional risks and was not widely adopted. In a study in human patients by Abud

et al.,196 the presurgical devascularization was achieved by placing the diagnostic catheter in

the common carotid artery to guide the puncture and perform the control angiography during

and after the injection of the cyanoacrylate. The percutaneous devascularization of head

and neck paragangliomas through the intralesional injection of cyanoacrylate resulted in effec-

tive devascularization. It could be a safe and effective technique for managing such

clinical lesions.
15.2.6.9 Delivery of Peptide Anti-Cancer Drugs

Ras mutations exist in almost 20–30% of human tumors, and the ras oncogenes possess single-point

mutations in the sequence coding for the active site of RAS protein at codons 12, 13b, and 61.202

These point mutations are good targets for the antisense oligonucleotides and can suppress the

translation and targeted mutant mRNA. The mutated ras genes are involved in the cell proliferation

and tumorigenicity. Antisense oligonucleotides (ODN) are molecules that are able to inhibit onco-

gene expression, being therefore potentially active for the treatment of viral infections or cancer.
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However, because of their poor stability in biological media and their weak intracellular

penetration, colloidal drug carriers such as nanoparticles were employed for the delivery of

oligonucleotides.203 Association with nanoparticles protects the ODN against degradation and

enables them to penetrate more easily into different types of cells. Thus, they were shown to

improve the efficiency in inhibiting the proliferation of cells expressing the point-mutated Ha-ras

gene. In vivo, the PACA nanoparticles were able to efficiently distribute the ODNs to the liver. As

the ODNs have no affinity toward the PACA structure, the ion pair technique was adopted, using

cationic surfactants such as cetyltrimethyl ammonium bromide or diethylaminoethyl dextran

adsorbed onto the particle surface.204,205 Spontaneous interpolymer complexation between

cationic polyelectrolytes and DNA is known and is largely the result of cooperative electrostatic

forces.206

ODNs adsorbed onto the PIHCA nanoparticles inhibited the Ha-Ras dependant tumor growth in

mice. The ODN-nanoparticle formulation was tested in two cell lines, HBL100rasl and

HBL100neo.202 HBL100rasl is a clone obtained from the human mammary cell line. It expresses

normal Ha-ras and Ha-ras carrying the G/U point mutation in codon 12 coding for Val instead of

Gly at position 12. HBL100neo is a clone transformed only with the pSV2 vector, and it expresses

only normal Ha-ras. Three 12-mer oligonucleotides—(1) an antisense oligonucleotide (AS-Val, 5 0-

CACCGACGGCGC-3 0) directed against and centered at the point mutation in codon 12 of the Ha-ras

mRNA, (2) an antisense oligonucleotide (AS-Gly, 5 0-CACCGCCGGCGC-3 0) targeted to the

equivalent sequence of the normal Ha-ras mRNA, and (3) the 5 0/3 0 inverted sequence of AS-Val

that contains the same bases as the antisense sequence but in reverse orientation (INV-Val, 5 0-

CGCCGGAGCCAC-3 0). The inhibitory effect of AS-Val adsorbed on the nanoparticles was

found to be at a concentration 100-times lower than that for the free AS-Val when tested on

HBL100rasl. Cellular uptake studies using 32P-labeling of free ODN and ODN adsorbed nanopar-

ticle formulation revealed that the ODNs adsorbed onto the nanoparticles, incorporated at a lower

rate than the free ODN but remained intact in the cells even after 72 h post incubation; the free ODN,

in contrast, degraded after 3 h. Upon administration into the nude mice treated with HBL100rasl

cells, the AS-Val nanoparticle formulation showed more potential tumor growth inhibition

compared to the INV-Val nanoparticle formulation, indicating the sequence-dependant effect of

ODN on the tumor-inhibition properties.

The cationic surfactants used for the preparation of ODN–PACA nanoparticles may cause

toxicity. In addition, the esterase-induced erosion of PACAs causes rapid desorption of ODNs in

serum.207 To overcome these drawbacks, the PACA nanocapsules with aqueous core have been

designed.208,209 These nanocapsules enhanced the protection and serum stability of the ODNs.209

Intratumoral injection of PACA nanoparticles containing Phosphorothioate oligonucleotides

directed against EWS Fli-1 chimeric RNA led to a significant tumor growth inhibition compared

to the free ODN in mice-bearing Ewing sarcoma.

Peptides like Leu-enkephalin dalargin and the Met-enkephalin kyotorphin normally do not

cross the BBB when given systemically. Transport of these neuropeptides across the BBB was

achieved by adsorption onto the surface of PBCA nanoparticles and successive coating of the

nanoparticles with polysorbate (Tween) 80.210

Birrenbach and Speiser5 described the polymerization process for the preparation of hydro-

philic micelles containing solubilized drug molecules including labile proteins in a colloidal

aqueous system of dissolved monomers. The hydrocarbon medium constituted the outer phase.

After secondary solubilization with the aid of selected surfactants, the polymerization of micelles

under different conditions was performed. The entrapped tagged material (human 125I-immuno-

globulin G) showed a stable fixation in the nanoparticles during long-term in vitro liberation trials.

Nanoparticles were spherical in shape, 80 nm in diameter, and embedded with antigenic material

(tetanus toxoid and human immunoglobulin G) for parenteral use. These preparations showed intact

biological activity and high antibody production in animals.
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15.3 CONCLUSIONS

Drug delivery to tumors has recently been the area of significant interest in the field of drug

delivery. Nanoparticles, due to their many inherent advantages, gained an important place in this

area of research. Though the alkylcyanoacrylates were initially used as tissue adhesives, the

discovery of the simple anionic polymerization of alkylcyanoacrylates has renewed interest in

their applicability to drug-delivery research. Poly(alkyl cyanoacrylates) with a higher alkyl chain

length are relatively less toxic than those with a lower alkyl chain length. Several interesting studies

were reported on the usefulness of poly(alkyl cyanoacrylates) for delivering anti-cancer drugs to

different types of cancers, including breast cancer and gastric cancer. Interesting results were

observed in the case of delivery of doxorubicin-loaded poly(alkyl cyanoacrylate) nanoparticles

for the treatment of liver tumors. Though the initial results on the delivery of doxorubicin-loaded

poly-butylcyanoacrylate nanoparticles to lymphoma are encouraging, more experimental evidence

is needed to evaluate their efficacy on tumors. The PEG modification of alkylcyanoacrylates has

improved the delivery of their nanoparticles to the brain. Cellular resistance to multiple drugs

represents a major problem in cancer chemotherapy. This drug resistance may appear clinically

either as a lack of tumor size reduction or as the occurrence of clinical relapse after an initial

positive response to treatment with antitumor agents. The resistance mechanism can have different

origins, either directly linked to specific mechanisms developed by the tumor tissue or connected to

the more general problem of distribution of a drug toward its targeted tissue. The role of P-glyco-

protein in decreasing the uptake of anti-cancer drugs in multi-drug resistant (MDR) tumors through

efflux is well studied. Reports on the importance of nanoparticles in reversion of multi-drug

resistance mediated by P-glycoprotein in MDR tumors reveal the potential of using PBCA nano-

particles in MDR tumors. A commercial application of such a strategy is on the way: doxorubicin-

loaded poly(alkyl cyanoacrylate) nanoparticles have reached phase-II clinical trials for the treat-

ment of resistant tumors. Several reports have elucidated the mechanism of nanoparticle uptake by

the cells, but the intracellular trafficking and fate of these nanoparticles in the cell remain unclear.

Of late, poly(alkyl cyanoacrylate) nanoparticles have also been considered as a potential system for

delivering proteins and peptide drugs to tumors.
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16.1 TARGETED DRUG DELIVERY: AN INTRODUCTION

With advances in nanotechnology, it is becoming increasingly possible to combine specialized

delivery vehicles and targeting approaches to develop highly selective and effective cancer
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therapeutic and diagnostic modalities.1–4 In the case of therapeutic vehicles, drug targeting is

expected to reduce the undesirable and sometimes life-threatening side effects common in anti-

cancer therapy. Drug targeting can also enhance the efficacy of drugs because the drug is delivered

directly to cancer cells, making it possible to deliver a cytotoxic dose of the drug in a

controlled manner.

Cancer targeting may be achieved passively by continuously concentrating drug encapsulated

nanoparticles in the tumor interstitial space due to the enhanced permeability and retention (EPR)

effect.5,6 This process occurs because of a differentially large quantity of nanoparticles extravasting

out of tumor microvasculature, leading to an accumulation of drugs in the tumor interstitium.

Multiple factors influence the EPR, including active angiogenesis and high vascularity, defective

vascular architecture, impaired lymphatic drainage, and extensive production of vascular

mediators, such as bradykinin, nitric oxide, vascular endothelial growth factor (VEGF), prosta-

glandins, collagenase, and peroxynitrite. The ease of vehicle extravasation is a function of the

maximum size of the transvascular transport pathways in tumor microvasculature and is determined

mainly through the size of open interendothelial gap junctions and trans-endothelial channels. The

pore cutoff size of these transport pathways has been estimated between 400 and 600 nm, and

extravasation of liposomes into tumors in vivo suggests a cutoff size in the range of 400 nm.8 As a

general rule, particle extravasation is inversely proportional to size, and small particles (fewer than

200 nm size) should be most effective for extravasating the tumor microvasculature.8–10 Passive

tumor targeting has several limitations, including the inability to achieve a sufficiently high level of

drug concentration at the tumor site, resulting in lack of drug efficacy.11 Additionally, the lack of

targeting efficiency contributes to undesirable systemic adverse effects (for reviews, see).4,12

Active tumor targeting may be achieved by both local and systemic administration of specially

designed vehicles that recognize biophysical characteristics that are unique to the cancer cells.

Most commonly, this represents binding of vehicles to target antigens using ligands that recognize

tumor-specific or tumor-associated antigens. Some of these therapeutic conjugates are now under

clinical development or are in clinical practice today. In the case of local drug delivery, such as

through the injection of delivery vehicles within an organ, it is possible to achieve a desired effect

within a subset of cells, as opposed to a generalized effect on all the cells of the targeted organ.

In the case of cancer, the cytotoxic effects of a therapeutic agent would be directed to cancer cells

while minimizing harm to noncancerous cells within and outside of the targeted organ. For

example, suicide-targeted gene delivery has been demonstrated to be effective in killing prostate

cancer but not healthy muscle cells in xenograft mouse models of prostate cancer.13 Similar

approaches have been used to deliver docetaxel via intratumoral injection of targeted controlled

release polymer vehicles to prostate cancer cells in nude mice.14 This approach is particularly

useful for primary tumors that have not yet metastasized, such as localized breast or

prostate cancer.

For metastatic cancers, the drug delivery vehicle would ideally be administered systemically

because the location, abundance, and size of tumor metastasis within the body limits its visual-

ization or accessibility, thus making local delivery approaches impractical. Despite the obvious

advantages of systemic delivery, this approach is more challenging, and many physiological and

biochemical barriers must be overcome for vehicles to reach the tumor and ultimately be capable of

delivering therapeutically effective concentrations of the drugs directly to the cancer cells. One

major challenge is the early systemic clearance of vehicles by the mononuclear phagocytic cells

present in the liver, spleen, lung, and bone marrow.15–18 This is in part due to the large percentage of

cardiac output directed to these organs, and in part due to the dense population of macrophages and

monocytes that home in these organs. Additionally, a variety of factors play an important role in the

ultimate success of systemic targeted approaches, including those factors related to the

biochemical and physical characteristics of the nanoparticles such as: (1) the chemical properties

of the controlled release polymer system and the encapsulated drug; (2) the size of the
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nanoparticles; (3) surface charge and surface hydrophilicity of nanoparticles; and (4) the chemical

nature of the targeting molecules.19

Several classes of molecules have been utilized for targeting applications, including various

forms of antibody-based molecules,20 such as chimeric human–murine antibodies, humanized

antibodies, single chain Fv generated from murine hybridoma or phage display, and minibodies.58

Multivalent antibody-based targeting structures, such as multivalent minibodies, single-chain

dimers and dibodies, and multispecific binding proteins, including bispecific antibodies and

antibody-based fusion proteins, have all been evaluated. More recently, other classes of ligands,

such as carbohydrates21 and nucleic acid ligands, also called aptamers,22,23 have been used as escort

molecules for targeted delivery applications. The concept of nucleic acid molecules acting as

ligands was first described in the 1980s when it was shown that some viruses encode small

structured RNA that binds to viral and host proteins with high affinity and specificity. These

RNA nucleic acid ligands had evolved over time to enhance the survival and propagation of the

viruses. Subsequently, it was shown that these naturally occurring RNA ligands can inhibit the viral

replication and have therapeutic benefits.24 Finally, methods were developed to perform in vitro

evolution and to isolate novel nucleic acid ligands that bind to a myriad of important molecules for

diverse applications in research and clinical practice.25,26

16.2 NUCLEIC ACID LIGANDS (APTAMERS): FROM

DISCOVERY TO PRACTICE

The feasibility of using antibodies for targeted therapy, particularly for oncologic diseases, has been

demonstrated repeatedly in the literature. Rituximab (Rituxane) was the first therapeutic based on

monocloncal antibodies to receive FDA approval in 1997 for treating patients with relapsed or

refractory low-grade or follicular, CD20 positive, B-cell non-Hodgkin’s lymphoma.27 A wide

variety of antibody-based drugs are now under clinical development or are in clinical practice

today. For example, denileukin diftitox (Ontake) is an FDA-approved immunotoxin for the

treatment of cutaneous T-cell lymphoma.28 Many other radioimmunoconjugates or chemoimmu-

noconjugates directed against cell surface antigens are currently in various stages of clinical and

pre-clinical development. Despite the recent success of monoclonal antibodies as targeting

moieties, the use of antibodies for drug targeting may have a number of potential disadvantages.

First, antibodies are large molecules (w20 nm for intact antibodies)29,30 and their use in developing

nanoscale therapeutic and diagnostic tools may result in an increase in vehicle size without added

advantage. Second, antibodies may be immunogenic. Despite the current engineering approaches to

yield improved humanized antibodies, this problem is not universally solved. Third, the biological

development of monoclonal antibodies can be difficult and unpredictable. For example, the target

antigen may not be well tolerated by the animal used to produce the antibodies, or the target

molecules may be inherently less immunogenic, making it difficult to raise antibodies against

such targets (although, this problem is overcome with the use of phage display libraries).31,32

Fourth, the production of antibodies involves a biological process that can result in batch-

to-batch variability in their performance, particularly when production is scaled up. The ideal

targeting molecule for the delivery of nanoscale therapeutic and diagnostic systems should, like

monoclonal antibodies, bind with high affinity and specificity to a target antigen but overcome or

ameliorate some of the problems associated with the use and production of monoclonal antibodies.

Nucleic acid aptamers are a novel class of ligands25,26 that are small, nonimmunogenic, easy to

isolate, characterize and modify, and exhibit high specificity and affinity for their target antigen.

Aptamers derive their name from the Latin word aptus, meaning “to fit.” In the short time since Jack

Szostak and Larry Gold independently described the groundbreaking methodology for in vitro

evolution of aptamers, this class of ligands has emerged as an important arsenal in research and

clinical medicine.22,33 Considering the many favorable characteristics of aptamers, which have

resulted in their rapid progress into clinical practice,33 researchers have begun to exploit this class
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of molecules for targeted delivery of controlled release polymer drug delivery vehicles. Recently,

we described the first proof-of-concept drug delivery vehicles utilizing aptamers for targeted

delivery of drug encapsulated nanoparticles23 and have gone on to the show efficacy of similarly

designed nanoparticles against prostate cancer tumors in vivo (Farokhzad et al., submitted).14
16.2.1 PHYSICOCHEMICAL PROPERTIES OF APTAMERS

Nucleic acid aptamers are single-stranded DNA, RNA, or unnatural oligonucleotides that fold into

unique structures capable of binding to specific targets with high affinity and specificity. Aptamers

are selected in vitro from a pool of (w1014–1015) random oligonucleotides.34 These molecules have

a molecular weight in the 10–20 kD range, which is one order of magnitude lower than that of

antibodies (150 kD).35 The small size of aptamers (w5 nm for 30–60 base pair of aptamer)36 is

desirable when utilizing them as targeting molecules for the delivery of nanoscale drug delivery

vehicles, as they do not substantially increase the overall size of the vehicle. When compared to

small molecule ligands, aptamers have a larger surface area, offering more points of chemical

contact with their targets. Aptamers fold through intramolecular interaction into tertiary confor-

mations with specific binding pockets. These molecules bind with high specificity and affinity to a

variety of target antigens with an equilibrium dissociation constant (Kd) in the 10 pM–10 mM

range.37 Unlike antibodies, their synthesis and large scale production is an entirely chemical

process that does not rely on biological systems. This can translate into lower manufacturing

cost and decrease batch-to-batch variability during production, which is a significant advantage

for the commercialization of this class of molecules. Furthermore, due to their small size, aptamers

exhibit superior tissue penetration,22 and because of their similarity to endogenous molecules,

aptamers are believed to be less immunogenic than antibodies.38

Unlike anti-sense oligonucleotides, which are single-stranded nucleic acids that require cellular

uptake and affect the synthesis of a targeted protein by hybridizing to the mRNAs that encodes it,

aptamers may inhibit a protein’s function by directly binding to their targets, which may include

other nucleic acids, proteins, peptides, and small molecules. Aptamers can be described by a

sequence of approximately 15–60 nucleotides (A, U, T, C, and G). The conformation of the

aptamer confers specificity for a target molecule by interacting with multiple domains or

binding pockets. Small changes in the target molecule can foil interactions, and thus aptamers

can distinguish between closely related but nonidentical targets. For example, specific RNAs were

identified that have a high affinity for the bronchodilator theophylline (1,3-dimethylxanthine) yet

exhibit a more than 10,000 times weaker binding affinity to caffeine (1,3,7-trimethylxanthine),

which differs form theophylline only by the substitution of a methyl group at the nitrogen atom

N7 position.39 Based on their unique molecular recognition properties, aptamers have found great

utility for applications in areas such as in vitro and in vivo diagnostics, analytical techniques,

imaging, and therapeutics.35,40,41

Aptamers are highly stable and may tolerate a wide range of temperature, pH (w4–9), and

organic solvents without loss of activity, but these molecules are susceptible to nuclease

degradation and renal clearance in vivo. Therefore, their pharmacokinetic properties must be

enhanced prior to in vivo applications. Several approaches have been adopted to optimize the

properties of aptamers, such as: (1) capping their terminal ends; (2) substituting naturally occurring

nucleotides with unnatural nucleotides that are poor substrates for nuclease degradation (i.e., 2 0-F,

2 0-OCH3, or 2 0-NH2-modified nucleotides); (3) substituting naturally occurring nucleotides with

hydrocarbon linkers; and (4) use of L-enantiomers of nucleotides to generate mirror image aptamers

commonly referred to as spiegelmers.42–45 Aptamers can also be stabilized using locked nucleic

acid modifications to reduce conformational flexibility,46 circularized, linked together in pairs, or

clustered onto a substrate. Alternatively, a nuclease resistant aptamer may be selected de novo

using a pool of oligonucleotides with 2 0-F- or 2 0-OCH3-modified nucleotides. By combining some

of these strategies, an aptamer’s half-life can be prolonged from several minutes to many hours.35
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To prolong the rate of clearance of aptamers, their size may be increased by conjugation with

polymers such as polyethylene glycol (PEG).47
16.2.2 METHODS FOR ISOLATION OF APTAMERS

In vitro selection,25 also called systematic evolution of ligands by exponential enrichment

(SELEX),26,48 is a protocol to isolate rare functional oligonucleotides (i.e., aptamers) from a

pool of random oligonucleotides (Figure 16.1). Similar to phage display or other strategies used

to isolate ligands from random libraries, SELEX is essentially an iterative selection and amplifi-

cation protocol to isolate single-stranded nucleic acid ligands that bind to their target with high

affinity and specificity. The complexity of the starting library is determined in part by the number of

random nucleotides in the pool. For example, by using a library with 40 random nucleotides, a pool

of 1024 distinct nucleotides can be generated. Practically speaking, the number of ligands in the

starting pool for in vitro selection is closer to 1015, representing 1 nmol of the library.

In the initial step, a library of random nucleotides flanked by fixed nucleotides is generated by

solid phase oligonucleotide synthesis. The random nucleotides serve to add complexity to the pool

while the fixed sequences are utilized for polymerase chain reaction (PCR) amplification. In the
Isolation of bound
nucleotides

Target molecule bound
to a solid support

Reiterative rounds
of selection and

amplification

Repeat until maximum
enrichment of ligands

has been obtained

Cloning of oligonucleotides
and amplification

of plasmidsIsolation of individual
aptamers and

characterization

ACGGACTACGGTTGAG-40N-CGAATGCGAACGTACAGT
Primer 1

Primer 2

Nucleic acid library

Fixed FixedRandom

(1014-1015 oligonucleotides)

FIGURE 16.1 Schematic representation of SELEX. An oligonucleotide library is synthesized containing

random sequences that are flanked by fixed sequences that facilitate PCR amplification. Target molecules

are incubated with this pool of oligonucleotides, and bound and unbound oligonucleotides are partitioned.

Bound oligonucleotides are isolated, and iterative rounds of selection and amplification are performed with

increased stringency to isolate aptamers with high specificity and affinity for the target molecule. Oligonucleo-

tide ligands representing the aptamers are subsequently cloned in plasmids, amplified, and sequenced. The net

result of this enrichment process is a small number of highly specific aptamers that are isolated from a large

library of random oligonucleotides.
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case of isolating DNA aptamers, the oligonucleotide pool is incubated with the target of interest,

and the bound fragments are partitioned and directly amplified by PCR system. The resulting pool is

used in a follow-up round of selection and amplification, and the process is repeated until the

affinity for the target antigen plateaus. Typically, this will be achieved in six to ten rounds of

SELEX. After the last round of SELEX, aptamers are cloned in plasmids, amplified, sequenced, and

their binding constants are determined (Figure 16.1). These aptamers may be subject to additional

modification such as size minimization to truncate the nucleotides not necessary for binding

characteristics and nuclease stabilization by replacing naturally occurring nucleotides with

modified nucleotides (i.e., 2 0-F pyrimidines, 2 0-OCH3 nucleotides) that are poor substrates for

endo- and exonuclease degradation.

In contrast to the isolation of DNA aptamers, which require single-step amplification after

portioning, the selection of RNA aptamers involves additional steps, including transcription of

an RNA pool from the starting DNA library, reverse transcription of the partitioned RNA pool to

generate a cDNA fragment and subsequent amplification of DNA, and transcription into RNA for

the next round of selection.34 The advantage of RNA SELEX, however, is that unnatural nucleo-

tides such as 2 0-F pyrimidines and 2 0-OCH3 nucleotides may be used in the transcription of the

RNA pool because these modified bases are utilized by RNA polymerase as substrate. Furthermore,

mutant RNA polymerases have also been described that are capable of improved incorporation of

modified bases during transcription.49 The resulting modified RNA pool can be used for isolation of

nuclease-stable RNA aptamers. Recently, a fully 2 0-OCH3-modified anti-VEGF aptamer was

selected, and when conjugated to 40 kDa PEG, it demonstrated a circulating half-life of 23 h.50

Conversely, a DNA polymerase that can incorporate unnatural bases such as 2 0-F and 2 0-OCH3 has

not been described, and, consequently, DNA aptamers must be nuclease stabilized after the

SELEX procedure.
16.2.3 EXAMPLES OF APTAMERS FOR TARGETED DELIVERY

Since their original description in 1990, aptamers have been isolated to a wide variety of targets,

including intracellular proteins, transmembrane proteins, soluble proteins, carbohydrates, and small

molecule drugs. As of the submission of this chapter, 624 articles related to aptamers have been

published, and more than 200 aptamers have been isolated (comprehensively listed in the Aptamer

Database),51 and one aptamer, macugen (pegaptanib sodium), against the VEGF165 protein was

recently approved by the FDA in December, 2004 for the treatment of neovascular macular

degeneration,52,53 underscoring the rapid progress of aptamers from its original conception to

clinical application. In choosing aptamers for targeting cancer cells, the aptamer must be directed

towards receptors that are preferentially or exclusively expressed on the plasma membrane of

cancer cells. Alternatively, they may be delivered to extracellular matrix molecules that are

expressed preferentially in tumors. To date, several tumor-specific or tumor-associated aptamers

have been isolated (reviewed by Pestourie et al.).54 A partial listing of these aptamers, as well as

their size and binding characteristics, are outlined below.
16.2.3.1 Alpha-v Beta-3

Alpha-v beta-3 (avb3) integrin is a transmembrane glycoprotein that mediates numerous processes,

including cell migration, cell growth, tumor growth and metastasis, angiogenesis, and vascular

healing. The expression of this protein on the endothelial cells of tumor neovasculature is dramati-

cally increased, making avb3 an interesting protein for targeting approaches.55 An 85-base-pair

2 0-flouropyrimidine RNA aptamer (Apt-avb3) has been shown to bind to the avb3 protein on the

surface of endothelial cells in vitro and inhibit endothelial cell proliferation and survival.56

The future in vivo use of the Apt-avb3 may require post-SELEX optimization, including size

minimization to facilitate large-scale synthesis, and enhance the pharmacokinetic properties of
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this molecule. This aptamer may be utilized for targeted cancer diagnostic and therapeutic

applications.
16.2.3.2 Human Epidermal Growth Factor-3

Human epidermal growth factor-3 (HER-3) is a receptor tyrosine kinase that is over-expressed in

several cancers. Over-expression of HER-3 is also associated with drug resistance in many HER-2

over-expressed tumors, making HER-3 a candidate target for drug delivery. A30 is an RNA

aptamer that was isolated against the extracellular domain of the HER-3 and is shown to inhibit

heregluin dependent tyrosine phosphorylation of HER-2 and heregluin-induced growth response of

MCF-7 cells at KiZ10 and 1 nM, respectively.57 The future use of A30 for in vivo application may

require post-SELEX optimization of this aptamer, including nuclease stabilization and

size minimization.
16.2.3.3 Prostate Specific Membrane Antigen

Prostate specific membrane antigen (PSMA) encodes a folate carboxypeptidase. Its expression is

tightly restricted to prostate acinar epithelium and is increased in prostatic intraepithelial neoplasia,

prostatic adenocarcinoma, and in tumor-associated neovasculature. Two 2 0-flouropyrimidine RNA

aptamers, named xPSM-A9 and xPSM-A10, against the extracellular domain of the PSMA have

been isolated and characterized.58 The aptamer xPSM-A9 inhibits the enzymatic function of the

PSMA noncompetitively with a KiZ2.1 nmol, and aptamer xPSM-A10 inhibits the enzymatic

function of PSMA competitively with a KiZ11.9 nmol. Aptamer xPSM-A10 has also been trun-

cated from 71 nucleotides to its current size of 56 nucleotides (w18kD).
16.2.3.4 Nucleolin

Nucleolin was originally described as a nuclear and cytoplasmic protein; however, a number of

recent studies have shown that it can also be expressed at the cell surface.59,60 Nucleolin is involved

in the organization of the nuclear chromatin, rDNA transcription, packaging of the pre-RNA,

ribosome assembly, nucleocytoplasmic transport, cytokinesis, nucleogenesis, and apoptosis.

AS-1411 (formerly AGRO100) is an aptamer capable of making G-quadruplexes that bind to

nucleolin on the cell surface61 and interact with the nuclear factor kappa B (NFkB) essential

modulator (NEMO) inside the cell.62 The cytosolic localization of AS-1411 after binding to cell

surface nucleolin may be exploited for the intracellular delivery of nanoparticles to cancer cells.

The use of AS-1411 as a therapeutic modality has also shown promise for the treatment of cancer in

humans, and Antisoma of United Kingdom is evaluating this aptamer in phase-I clinical trials.63

The therapeutic benefit of AS-1411 is presumably attributed to the disruption of the NFkB signaling

inside the cells.64
16.2.3.5 Sialyl Lewis X

Sialyl Lewis X (sLex) is a tetra saccharide glycoconjugate of transmembrane proteins that acts

as a ligand for the selectin proteins during cell adhesion and inflammation. The sLex is also

abnormally overexpressed on the surface of cancer cells and may play a role in cancer cell

metastasis. An RNA aptamer referred to as clone 5 has been isolated and shown to bind to the

sLex with sub-nanomolar affinity and block the sLex/selectin mediated adhesion of HL60

monocytic cell line in vitro.65 The future use of clone 5 for in vivo targeted delivery appli-

cations may require post-SELEX optimization of this aptamer, including nuclease stabilization

and size minimization.
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16.2.3.6 Cytotoxic T-Cell Antigen-4

Cytotoxic T-cell antigen-4 (CTLA-4) is a transmembrane protein that is expressed on the surface of

activated T-cells and functions to attenuate the T-cell response by raising the threshold needed for

T-cell activation. D60 (Kd Z 33 nM) is a size-minimized, 35-base-pair, 2 0-fluoropyrimidine

modified nuclease stable RNA aptamer that was selected against CTLA-4 and shown to inhibit

CTLA-4 function in vitro and enhance tumor immunity in mice.66
16.2.3.7 Fibrinogen-Like Domain of Tenascin-C

Tenascin-C is an extracellular matrix protein that is over-expressed during tissue remodeling

processes, such as fetal development, and wound healing, as well as tumor growth. TTA1 is an

aptamer (KdZ5 nM) that was isolated against the fibrinogen-like domain of Tenascin-C,67 and may

potentially be useful for cancer diagnostic and targeted therapeutic applications.
16.2.3.8 Pigpen

Pigpen is an endothelial protein of the Ewing’s sarcoma family that parallels the transition from

quiescent to angiogenic phenotypes in vitro. Using YPEN-1 endothelial cells and N9 micorglial

cells, respectively, in a selection and counter-selection strategy in SELEX, a DNA aptamer named

III.1 was isolated that preferentially bound to YPEN-1 cells.68 The III.1 was also shown to selec-

tively bind to the microvessels of experimental rat glioblastoma. The isolation and characterization

of the III.1 target identified pigpen as the target antigen. The use of III.1 aptamer for targeting the

microvasculature of tumors is a potentially powerful means of delivering drugs to the site of

the cancer.
16.3 APTAMER–NANOPARTICLE CONJUGATES FOR TARGETED

CANCER THERAPY

Virtually every branch of medicine has been dramatically impacted by controlled drug delivery

strategies during the past four decades,3,69–72 including cardiology,73 ophthalmology,74 endo-

crinology,75 oncology,76 immunology,77 and orthopedics.78 Drugs can be released in a controlled

manner from within a material through surface or bulk erosion of the material, diffusion of the drug

from the interior of the material, or swelling followed by diffusion or triggered by the environment

or other external events,2 such as changes in pH,79 light,80 temperature,81 or the presence of an

analyte, such as glucose.82 In general, controlled-release polymer systems deliver drugs in the

optimum dosage for long periods, thus increasing the efficacy of the drug, maximizing patient

compliance and enhancing the ability to use highly toxic, poorly soluble, or relatively

unstable drugs.

The conjugation of aptamers to drug encapsulated nanoparticles results in targeted delivery

vehicles for therapeutic application. These may include delivery of small molecule drugs, protein

based drugs, nucleic acid drugs (anti-sense oligoneucleotide, RNAi or gene therapy), and targeted

delivery of agents for neutron capture therapy or photodynamic therapy. Aptamers may also

be bound to imaging agents to facilitate diagnosis and identification of tumor metastases. For

example, it may be useful to bind aptamers to optical imaging agents including fluorophores68

and quantum dots (nanocrystals)83 or MRI imaging agents such as magnetic nanoparticles84,85 for

detection of small foci of cancer metastasis. Multiplex systems comprising drug laden nanoparticle

aptamer conjugates, together with imaging agents, represent a prospective avenue to

future research.
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FIGURE 16.2 Schematic representation of targeted drug delivery vehicle composed of polymeric nanopar-

ticles that are surface-modified with targeting agents.
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16.3.1 PROPERTIES OF NANOPARTICLES FOR CONJUGATION TO APTAMERS

Nanoparticles are a particularly attractive drug delivery vehicle for cancer therapeutics because

they can be synthesized to recognize tumor-specific antigens and deliver drugs in a controlled

manner.4,23 The design of targeted drug delivery nanoparticles combines drug encapsulated

materials, such as biodegradable polymers, with a targeting moiety (Figure 16.2). Ideally, biode-

gradable targeted nanoparticles should be designed with the following parameters: (1) small size

(preferably between 10 and 200 nm); (2) high drug loading and entrapment efficiency; (3) low rate

of aggregation; (4) slow rate of clearance from the bloodstream; and (5) optimized targeting to the

desired tissue with minimized uptake by other tissues. The following sections will discuss the

various parameters that must be considered for engineering of nanoparticles for targeted drug

delivery applications, including the development of nanoparticle–aptamer bioconjugates.

This will include discussion of nanoparticle biomaterial, size, charge, and surface modification

schemes to achieve the desired design parameters. It is important to note that a detailed review is

beyond the scope of this chapter, and the reader is referred to the following reviews for further

information: see references.86–90
16.3.1.1 Size of Nanoparticles

The biodistribution pattern of nanoparticles, active nanoparticle targeting to tumor antigens, and

passive nanoparticle targeting by EPR91 are all greatly effected by the size of the nanoparticle.

Passive targeting of the nanoparticle occurs because microvasculatures of tumors are more “leaky,”

thus permitting selective permeation of nanoparticles into the desired tumor tissue. This phenom-

enon has been exploited to target liposomes, therapeutic and diagnostic nanoparticles, and drug-

polymer conjugates to cancer tissue (reviewed by Maeda).91 Smaller particles (fewer than 150 nm)

are better suited for permeating through the leaky microvasculature of the tumor cells, and their

more pronounced surface curvature may also reduce interaction with the receptors on the surface of

macrophages and subsequent clearance of the particles.12 Biodistribution studies using liposomes

have shown that although particles that are larger than 200 nm are largely taken up by the spleen,

those less than 70 nm are also efficiently cleared by the liver.92 Taken together, the optimal

nanoparticle size should be experimentally determined for each formulation because the interplay

of various parameters (polymer system, encapsulated drug, surface charge, surface modification)

makes it difficult to extrapolate the ideal nanoparticle size from seemingly similar studies. In our

laboratory, we have tuned the size of polymeric nanoparticles made either by emulsions or nano-

precipitation to study the best formulation for a specific application. Generally, one can make use of

the interaction of different solvents used for making the emulsions or tune the size of the nano-

particle by adjusting solvent ratios and polymer concentrations in solution. Our biodistribution

studies using various sizes of poly(lactic-co-glycolic acid) (PLGA)–PEG nanoparticle–aptamer

bioconjugates, has suggested a linear relationship with regards to uptake by liver and spleen

such that smaller particles (w80 nm) are modestly better at avoiding uptake by these organs

(unpublished results).
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16.3.1.2 Polymers for Synthesis of Nanoparticles

Controlled release biodegradable nanoparticles for clinical applications can be made from a wide

variety of polymers, including poly(lactic acid) (PLA),93 poly(glycolic acid) (PGA), PLGA,94

poly(orthoesters),95 poly(caprolactone),96 poly(butyl cyanoacrylate),97 polyanhydrides,98 and

poly-N-isopropylacrylamide.99 Although many fabrication methods exist, polymeric nanoparticles

are frequently made using an oil-in-water emulsion,18,100 which involves dissolving a polymer and

drug in an organic solvent, such as methylene chloride, ethyl acetate, or acetone. The organic phase

is mixed with an aqueous phase by vortexing and sonicating and then evaporated, forcing the

polymer to precipitate as nanoparticles in the aqueous phase. The particles are then recovered by

centrifugation and lyophilization.

One of the considerations with respect to the material used for drug delivery is its ability to

encapsulate drugs as well as degrade over the appropriate times. This subject has been an active

area of investigation by our group and other investigators in academic and industry laboratories for

several decades. The result has been an increasing arsenal of polymers with distinct encapsulation

and release characteristics for a myriad of research, industrial, and clinical applications.101,102 PGA

and PLA are common biocompatible polymers that are used for many biomedical applications.

PGA is hydrophilic because it lacks a methyl group and is more susceptible to hydrolysis, making

this polymer easily degradable. Alternatively, PLA is relatively more stable in the body.103

Through these unique properties, polymers such as PLGA have been derived that are made from

both glycolic acid and lactic acid components. The ability to change the ratio of these two com-

ponents of the polymer can then be used to dramatically alter the rate of degradation. Therefore, by

choosing the desired polymer system for the synthesis of nanoparticles the rate of degradation and

subsequent release of the molecule may be tuned for the intended application.
16.3.1.3 Charge of Nanoparticles

Nanoparticle charge has been shown to be important for regulating its pharmacokinetic properties.

For example, it has been shown that anionic and cationic liposomes activate the complement system

through distinct pathways, suggesting that particle charge may impact particle opsonization and

phagocytosis.104 Cationic charge on liposomes has also been shown to reduce their circulating half-

life in blood and to affect their biodistribution between the tumor microvasculature and interstitium

without impacting overall tumor uptake.105 Nanoparticles could be synthesized with charged

surfaces either by using charged polymers, such as poly-L-lysine, polyethylenimine (PEI), or

polysaccharides, or through surface modification approaches. For example, the layer-by-layer

deposition of ionic polymers have been used to change surface properties of nanoparticles, such

as quantum dots, by depositing ionic polymers of interest on the charged nanoparticle surfaces.106

Furthermore, surface charge of nanoparticles has been shown to regulate their biodistribution.107

For example, increasing the charge of cationic pegylated liposomes decreases their accumulation in

the spleen and blood while increasing their uptake by the liver and an increasing in the accumu-

lation of liposomes in tumor vessels.105 These experiments suggest that optimizing surface

physicochemical properties of nanoparticles to better match the biochemical and physiological

features of tumors may enhance the intratumoral delivery of nanoparticles for systemic

therapeutic approaches.

For conjugation of the negatively charged aptamers to nanoparticles, the surface charge of the

nanoparticle may be important. For example, we believe that direct immobilization of aptamers on

cationic nanoparticles made from PEI may result in formation of aptamer–PEI complex that render

the aptamer ineffective as a targeting molecule (unpublished observation). Therefore, neutral

polymers such as PLA, PLGA or those with a more negative charge, such as polyanhyrides, may

be most suitable for conjugation to aptamers. We have used PLA–PEG block copolymers to

generate aptamer–nanoparticles bioconjugates.23,108 One approach that may facilitate the use of
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a wider array of biomaterials for aptamer targeted drug delivery is through methods of “masking”

the surface charge of the particles. For example, the addition of neutrally charged hydrophilic layer

of PEG on the surface of the nanoparticles may facilitate the use of positively charged materials for

the synthesis of nanoparticles. These cationic nanoparticles are particularly useful for gene delivery

applications and thus may enable efficient targeted gene delivery using aptamers.
16.3.1.4 Surface Modification of Nanoparticles

Nanoparticle surface modification may also be used to engineer their interaction with the

surrounding tissue. These interactions could be positive (i.e., targeting molecules) or negative

(i.e., nonadhesive coatings). The surface modification of nanoparticles is particularly important

because intravenously applied nanoparticles may be captured by macrophages before ever reaching

the target site. Therefore, surface modifying particles to render them invisible to macrophages is

essential to making long-circulating nanoparticles.18,109 The ability to control the biodistribution of

nanoparticles is particularly important for drug carrying nanoparticles because the delivery of drugs

to the normal tissues can lead to toxicity.16,17

Hydrophilic polymers such as PEG,18,109 polysaccharides, 110,111 and small molecules112 can be

conjugated on the surface of nanoparticles to engineer particles with desirable biodistribution

characteristics. For example, to enhance the rate of circulation within the blood and minimize

uptake by nondesired cell types, nanoparticles may be coated with polymers such as PEG.18,109

Various molecular weights and types of PEG (linear or branched) have been used to coat nano-

particles.113 PEG coatings are also useful for minimizing nanoparticle aggregation and can be used

to prevent clogging of small vasculature and improve size-based targeting. More recently, novel

approaches aimed at conjugating small molecules on nanoparticles using high-throughput methods

have yielded nanoparticle libraries that could be subsequently analyzed for targeted delivery.112

The use of similar high-throughput approaches has significant potential in optimizing nanoparticle

properties for cancer therapy.

Surface modification of nanoparticles can be achieved in a multistep approach by first gener-

ating nanoparticles and subsequently modifying the surface of particles to achieve the desired

characteristics. Alternatively, amphiphilic polymers may be covalently linked prior to generating

nanoparticles to simultaneously control the surface chemistry as well as encapsulate drugs and
COOH
PLA PLA

PEG EDC/NHS NH2

Aptamer
Drugs Drugs

FIGURE 16.3 A schematic outlining a conjugation reaction between aptamers and polymer nanoparticles

containing an encapsulated drug. Through incorporating a COOH-terminated, PEG-functionalized surface on

the nanoparticle, NH2-modified aptamers can be easily conjugated using simple aqueous chemistry.
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eliminate the need for subsequent chemical modifications once the particle has been synthesized.

This method may provide a more stable coating and better nanoparticle protection in contact with

blood. For example, PLA, poly(caprolactone), and poly(cyanoacrylate) polymers, have been chemi-

cally conjugated to PEG polymers.18,114,115 We have synthesized nanoparticles from amphiphilic

copolymers composed of lipophilic PLGA and hydrophilic PEG (Figure 16.3) polymers where the

PEG migrates to the surface of the nanoparticles in the presence of an aqueous solution.18 A similar

approach has also been used to generate pegylated PLA nanoparticles using PLA–PEG block

copolymers.23,108 These particles may be used to extend the nanoparticle residence times in circula-

tion and enhance accumulation in tumor tissue through “passive targeting” and EPR effect.

In the case of engineering nanoparticles for active targeting, the polymer and its coating should

have functional groups for the attachment of targeting moieties (which may be bound directly to the

nanoparticle surface or though a spacer group). The targeting molecules can enhance the molecular

interaction of the nanoparticles with a subset of cells or tissue.
16.3.2 CONJUGATION STRATEGIES FOR NANOPARTICLE–APTAMER CONJUGATES

Covalent conjugation of aptamers to substrates or drug delivery vehicles can be achieved most

commonly through succinimidyl ester–amine chemistry that results in a stable amide linkage43,43

or through maleimide–thiol chemistry.23,108,116–120 Potential noncovalent strategies include affinity

interactions (i.e., streptavidin–biotin) and metal coordination (i.e., between a polyhistidine tag at the

end of the aptamer and NiC2 chelates with immobilized nitrilotriacetic acid on the surface of the

polymer particles). These covalent and noncovalent strategies have been used to immobilize a wide

range of biomolecules, including proteins, enzymes, peptides, and nucleic acids to delivery vehicles.

We believe that covalently linked bioconjugates may result in enhanced stability in physiologic

salt and pH while avoiding the unnecessary addition of biological components (i.e., streptavidin),

thus minimizing immunologic reactions and potential toxicity. For covalent conjugation, the

aptamer is typically modified to carry a terminal primary amine or thiol group that is in turn

conjugated, respectively, to activated carboxylic acid N-hydroxysuccinimide (NHS) ester or malei-

mide functional groups present on the surface of drug delivery vehicles. These reactions are carried

out under aqueous conditions with a product yield of 80–90%.121 One potential difficulty with

maleimide–thiol chemistry is the oxidation of the thiol group attached to aptamers during storage

(formation of S–S bond between two thiol-modified aptamers), resulting in dimers of aptamers that

are not able to participate in the conjugation reaction with the malimide group on particles.

This problem can be partially alleviated by using a reducing agent, such as tris(2-

carboxyethyl)phosphine (TCEP), b-mercaptoethanol, or dithiothreitol (DTT), during the conju-

gation reaction. A potential advantage of using NHS–amine chemistry is that the unreacted

carboxylic acid groups on the particle surface make the particle surface charge (zeta potential)

slightly negative, thus reducing nonspecific interaction between the negatively charged aptamers

and the negative particle surface. Recently, controlled-release nanoparticles generated from

PLA–PEG block copolymer with a terminal carboxylic acid group attached to the PEG were

conjugated with primary-amine-terminated aptamers.23,103 In this case, the hydrophilic PEG

group facilitated the presentation of the carboxylic acid on the particle surface for conversion to

activated carboxylic acid NHS ester and conjugation to the primary-amine-modified aptamers.

The conjugation of aptamers to nanoparticles can be qualitatively confirmed by fluorescent

microscopy or flow cytometry through the use of fluorescent probes, such as fluorescein isothio-

cyanate (FITC), that are conjugated directly to the aptamers or indirectly to complementary

oligonucleotides that hybridize to the aptamers.23 Alternatively, analytical approaches, such as

x-ray photoemission spectroscopy (XPS), may be used for characterization of the nanoparticle

surface to confirm the extent of conjugation. The presence of a hydrocarbon spacer group

between the nanoparticle surface and the aptamer should improve the probability of interaction

between the aptamer and its target. Furthermore, a consistent density of the aptamer on the surface
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of nanoparticles can potentially be achieved by utilizing an excess molar amount of aptamer relative to

the reactive group on the nanoparticle surface during the conjugation reactions. However, the optimal

density of targeting molecule on nanoparticle surface may need to be experimentally determined.122

We have used the covalent conjugation approach to demonstrate a proof-of-concept for nano-

particle–aptamer bioconjugates that target the PSMA on the surface of prostate cancer cells and are

taken up by cells that express the PSMA protein specifically and efficiently.23 We have also shown

using a microfluidic system that these nanoparticle–aptamer conjugates are capable of binding to

their target cells under flow conditions suggesting their suitability for in vivo targeted drug-delivery

applications.108 Most recently, we have demonstrated the in vivo efficacy of docetaxel-encapsu-

lated nanoparticle–aptamer conjugates using a xenograft prostate cancer nude mouse model.14

These approaches have paved the way for the use of aptamers for targeted delivery of drug

encapsulated nanoparticles to a myriad of human cancers.
16.4 APTAMER–DRUG CONJUGATES FOR TARGETED CANCER THERAPY

The clinical utility of radioimmunoconjugates and chemoimmunoconjugates in cancer treatment is

well documented with several examples of each in clinical practice or under development at this

time.123–125 More recently aptamer conjugates for cancer therapeutic and diagnostic appli-

cations,14,23,108,116,118–120,126 biosensors,127–129 flow cytometry,130 ELISAs,131,132 and capillary

electrophoresis for separation technology have been discribed.40,133 As noted in Section 16.2,

aptamers have distinct advantages over antibodies, and, for the purpose of targeted delivery of

toxins, their greatest advantage lies in their relatively smaller size and remarkable stability.

The smaller size of aptamers, as compared to antibodies, allows for a more efficient tumor

penetration of aptamers, translating to a more efficient delivery of a cytotoxic payload to tumor

cells.119 Our research group is interested in the use of aptamer–toxin conjugates for therapeutic

applications,126 and we believe that aptamer–toxin conjugates may result in future novel

therapeutic applications in oncology and other areas of medicine.

For the preparation of the aptamer–drug conjugates, conventional conjugation strategies that

have been used for the preparation of immunoconjugates may also be employed with some modifi-

cations.125 For targeted radiotherapy, beta-emitting radioisotopes, such as 131I, 90Y, or 67Cu, or

alpha-emitting radioisotopes such as 213Bi or 211At, may be used to develop radioaptamerconju-

gates. These radioisotopes may be linked directly to aptamers or immobilized through metal

chelators attached to aptamers. For targeted chemotherapy, drug molecules (i.e., doxorubicin,

calicheamicin, or auristatin) may be covalently coupled to one or more sites on the aptamer

using simple chemistry (i.e., formation of amide, disulfide, or hydrazone bond).134,135 The develop-

ment of aptamer conjugates is facilitated by site-selective functionalization of aptamers at their 3 0-

and/or 5 0-terminus, making it possible to reproducibly attach an exact number of drugs in a site-

specific manner.23,108,136 Aptamers may also be functionalized within the oligonucleotide chain

using modified nucleotides with desired functional groups; however, this latter approach may

negatively impact the aptamer conformation and function. In the case of conjugation of toxins to

antibodies, the reaction is most commonly not site-directed, and this nonspecific conjugation

approach may negatively impact the binding characteristics of antibodies.136 Furthermore, unlike

antibodies, the desired linkers or functional groups on aptamers for conjugation on other appli-

cations can be easily introduced during the chemical synthesis of these molecules. We have

schematically demonstrated several proposed conjugation strategies between aptamers and drugs

(Figure 16.4). Typical functional groups modifiable at the 5 0- or 3 0-ends of aptamers are mostly

nucleophiles, including amine (–NH2), sulfhydryl (–SH), and hydrazide (–C(O)NHNH2). Appropriate

functional groups on the drugs for immobilization on aptamers may be carboxylic acid (for amide bond

formation with amine-modified aptamers), maleimide or unsaturated carbonyl (for thioether formation

with sulfhydryl groups on aptamers), activated disulfide (for example, S-pyridyl disulfide) for disulfide
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FIGURE 16.4 Available conjugation strategies between end-functionalized aptamers and drug molecules.

Panels (a) through (d) demonstrate a series of single- and double-conjugation strategies.
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formation with sulfhydryl groups on aptamers, and ketone for hydrazone formation with hydrazide on

aptamers.136

The covalent bonds formed through the aforementioned strategies are all cleavable in vivo,

allowing for the active drug to be released for therapeutic efficacy. The choice of conjugation

strategy may allow for a spatial control of this release and improved clinical efficacy. In addition, by

altering the size of aptamer–drug complex, the pharmacokinetics properties of the conjugate may

be controlled, allowing for temporal control of the drug circulation and clearance. For example, a longer

circulation time and reduced renal clearance may be achieved by linking the aptamer–drug conjugates

to PEG polymers to increase the size of the complex above the threshold for renal clearance.137

This conjugate form may result in improved drug delivery to cancers as a result of increased systemic

circulation time. Intracellular versus extracellular drug release also have unique sets of design

considerations.138 In the case of the disulfide linkage approach, the aptamer–drug conjugate is expected

to be stable in plasma during circulation with subsequent intracellular cleavage of disulfide bond and

drug release due to high intracellular concentration of glutathione (GSH).139 Hydrazone linkage also

has favorable properties for conjugation of drugs to aptamers, allowing for a pH sensitive release of the

drug in a relatively more acidic environment of the tumor tissues.134,140,141 Therefore, disulfide and

hydrazone linkages may be considered when developing aptamer conjugates for cancer therapeutics.

We have recently developed a novel strategy for generating aptamer–drug conjugates by

intercalating drugs between nucleic acid bases of the aptamer (Figure 16.5).126 Using doxorubicin

(dox) as a model drug and the A10 PSMA aptamer as model aptamer, we have developed a stable

aptamer–dox conjugate through physical interactions. The resulting physical conjugate demon-

strated the following characteristics: (1) high discrimination between cancer cells expressing

target antigen and cells lacking target antigen; and (2) efficient delivery of anti-cancer drug to

target cancer cells.126 Specifically, we developed aptamer–dox conjugates and demonstrated the

stability of this system in vitro. Using LNCaP prostate cancer cell lines that express the PSMA

antigen and PC3 prostate cancer cell lines that do not express the PSMA protein, we demonstrated a

differential uptake of the aptamer–dox conjugate by LNCaP cells, translating to a more efficient

cellular toxicity and anti-cancer efficacy in vitro (Figure 16.6). These results suggest that physical

conjugate strategies such as intercalation may serve as a novel approach for developing

aptamer–drug therapeutics.
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FIGURE 16.5 A schematic diagram outlining the formation of physical conjugate between aptamers and

drugs capable of intercalating into base pairs of aptamers. Doxorubicin, an anti-cancer drug, can be intercalated

into a PSMA aptamer to form a 1:1 complex.

FIGURE 16.6 The confocal laser scanning microscopy images of LNCaP (a) and PC3 cells (b) after

treatments of the aptamer–doxorubicin physical conjugate (1.5 mM) for 2 h.
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In addition to small molecule and radioisotopes, bio therapeutics such as small interfering

RNAs (siRNA)142–144 and protein-based toxins may also be conjugated to aptamers. For

example, siRNAs can be coupled to aptamers through disulfide bond, allowing the release of

siRNAs in the active form after cytosolic uptake by the targeted cells. A conjugate of aptamer–

siRNA may represent a novel class of therapeutics with widespread application in medicine.116
16.5 APTAMER–NANOPARTICLE CONJUGATES FOR PROTEIN DETECTION

Quantum dots (QDs) are nanometer-sized semiconductor crystals with tunable fluorescence that

can be developed as sensitive biosensors or probes for in vivo imaging and diagnostic appli-

cations.145–147 Unlike conventional small molecule fluorophores and biological fluorophores,

such as the green fluorescence protein (GFP), QDs possess several favorable characteristics,

including: (1) greatly improved photostability (lack of photobleaching) that enable real time

imaging of biomarkers over an extended period of time; (2) a broad excitation wavelength and a

narrow emission wavelength enabling excitation of multiple QDs simultaneously using a single

laser wavelength; (3) bright fluorescence with high quantum yield; and (4) ability to functionalize

the surface of QDs with various molecules ranging from small molecules to antibodies and apta-

mers for desired targeted applications. Taken together, these favorable characteristics have made

QDs an emerging class of imaging probes with broad applications in medicine.

Metallic nanoparticles, such as gold-nanoparticles (Gd-NPs), are capable of absorbing or scat-

tering light and are now used in many biological applications, particularly visualization of cellular

and tissue components by electron microscopy.148,149 More recently, it has been reported that

antibody–Gd-NP conjugates150,151 can detect proteins152 or viruses153 in solution through surface

plasmon resonance effect, which results in color change depending on the status of aggregation of

the particles. This simple phenomenon together with the fact that Gd-NPs are biocompatible makes

Gd-NPs useful detection probes of various in vivo applications.154

The surface functionalization of QDs and Gd-NPs with specific targeting molecules may result

in the development of targeted imaging modalities with widespread applications in research

and medicine.
16.5.1 APTAMER–QD CONJUGATES FOR THE DETECTION OF PROTEINS

A QD–aptamer beacon for the detection of thrombin was recently reported,155 and the principle of

this detection system is schematically illustrated (Figure 16.7). Briefly, QDs were surface
Quenched fluorescence Enhanced fluorescence

thrombin
QD

QD

Q

QQ

Q

Q

+

Quencher−oligoDNA

FIGURE 16.7 A schematic diagram outlining QD–aptamer beacon system for the detection of thrombin.

Target protein replaces the bound quencher–oligoDNA by forming stable complex with aptamers on a QD,

resulting in recovery of a native QD’s fluorescence.
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functionalized with an aptamer known to bind to the thrombin protein to develop a thrombin-

detecting QD–aptamer beacon. A second oligonucleotide, having complementary sequences to the

thrombin aptamer and bearing a quencher, was synthesized and utilized to quench the system in the

absence of thrombin. When the quencher oligonucleotide was incubated with the QD–aptamer

conjugate in the absence of thrombin, the hybridization of the quencher oligonucleotide and the

thrombin aptamer proximated the quencher molecules to the surface of the QD, resulting in

quenching effect through fluorescence resonance energy transfer (FRET).156,157 In the presence

of thrombin (1 mM), the quencher oligonucleotide is displaced, resulting in restoration of the

fluorescence of the QD–aptamer conjugate. Using this QD–aptamer beacon system, a 1 mM concen-

tration of thrombin could be detected specifically. We postulate that multiplexed detection of a

panel of protein targets may be performed in parallel by formation of QD–aptamer conjugates from

different aptamers, and QDs possessing different emitting fluorescence profile.158,159 In addition,

considering a growing number of tumor-specific or tumor-associated aptamers that are available

today, it may be increasingly possible to develop more specific and more efficient cancer diagnostic

probes for a myriad of important cancers. We have recently developed a QD–aptamer conjugate

using the A10 PSMA aptamer and have demonstrated the differential binding and uptake of these

vehicles by cells that express the PSMA antigen (unpublished results).
16.5.2 APTAMER–GOLD-NANOPARTICLE CONJUGATES FOR THE DETECTION OF PROTEINS

A highly specific sensing system for the detection of platelet-derived growth factor (PDGF) has

been developed using PDGF-specific, aptamer–conjugated gold-nanoparticles.160 The principle of

the detection using the conjugate is illustrated in Figure 16.8. The binding of soluble PDGF protein

to Gd-NP–aptamer conjugates results in a change in the color of the solution due to the formation of

aggregates between the Gd-NP conjugates. In the absence of PDGF, the conjugates are dispersed

separately in solution (red), but in the presence of PDGF the Gd-NP aggregate closely to an inter-

particle distances less than the average diameter of each nanoparticle, causing a dipole–dipole

coupling between particles as well as increased scattering, resulting in a measurable color

change (purple).161–163 Using this detection system, Gd-NP–aptamer conjugate could detect nano-

molar concentrations of PDGF in solution. Because Gd-NPs are biocompatible, easy to develop,

and easy to functionalize with aptamers, it is expected that bioconjugates utilizing aptamers and

Gd-NPs as target molecular probes may result in novel cancer diagnostic modalities in the future.
Gd-NP−Aptamer conjugates in dispersion Gd-NP−Aptamer conjugates after aggregation

target protein

FIGURE 16.8 A schematic representation of the aggregation of gold-nanoparticle–aptamer conjugates in the

presence of target proteins. Aggregation causes color change from red to purple.
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16.6 CONCLUSION

Bioconjugates comprising nanoparticles and aptamers represent a potentially powerful tool for

developing novel diagnostic and therapeutic modalities for cancer detection and treatment. As

drug delivery vehicles for cancer therapy, nanoparticle–aptamer bioconjugates can be designed

to target and be taken up by cancer cells for targeted delivery and controlled release of chemo-

therapeutic drugs over an extended time directly at the site of tumors. The successful achievement

of this goal requires the isolation of aptamers that bind to the extracellular domain of antigens

expressed exclusively or preferentially on the plasma membrane of cancer cells or on the extra

cellular matrices of tumor tissue. In addition, nanoparticles would have to be designed with the

optimized properties that facilitate targeting and delivery of the drugs to the desired tissues while

avoiding uptake by the mononuclear phagocytic system in the body.

The targeted delivery of chemotherapeutic drugs for cancer therapy may minimize their side

effects and enhance their cytotoxicity to cancer cells, resulting in a better clinical outcome. We

anticipate that the combination of controlled release technology and targeted approaches may

represent a viable approach for achieving this goal. One major clinical advantage of targeted

drug-encapsulated nanoparticle conjugates over drugs that are directly linked to a targeting

moiety is that large amounts of chemotherapeutic drug may be delivered to cancer cells per each

delivery and biorecognition event. Another advantage would be the ability to simultaneously

deliver two or more chemotherapeutic drugs and release each in a predetermined manner, thus

resulting in effective combination chemotherapy, which is common for the management of many

cancers. Antibodies and peptides have been widely used for the targeted delivery of drug encapsu-

lated nanoparticles; however, the translation of these vehicles into clinical practice has lagged

behind our advances in the laboratory. This has been largely due to the immunogenicity and

nonspecific uptake of nanoparticle–antibody bioconjugates by nontargeted cells, resulting in

toxicity or poor efficacy of these conjugates. Nanoparticle–aptamer bioconjugates face some of

the same challenges of nonspecific uptake after systemic administration and thus must be engin-

eered with surface physicochemical characteristics to avoid toxicity to nontargeted cells. We

believe that optimal particle size and surface properties to sufficiently decrease the rate of nonspe-

cific particle uptake while achieving successful targeting must be determined experimentally on a

case-by-case basis, as this also depends on the polymer system, the drug being encapsulated and the

tumor microenvironment including its vascularity. However, the advantage of nanoparticle–

aptamer bioconjugates over their antibody conjugate counterparts lies in the ease of aptamer

isolation, lack of immunogenicity, and a decreased batch-to-batch variability attributable to the

chemical nature of aptamer synthesis and production, which can facilitate the translation of opti-

mally engineered nanoparticle–aptamer bioconjugates into clinical practice.
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17.1 INTRODUCTION

The use of conventional formulations for the systemic administration of many small molecule anti-

cancer agents often results in an unsatisfactory therapeutic effect because of the narrow therapeutic

window of these drugs. The low therapeutic index of these drugs is mostly attributed to the dose-

limiting toxicities that are associated with them and/or the excipients used in the formulation.

Therefore, colloidal carriers that are composed of biocompatible and biodegradable materials

with sustained drug release have been developed for formulation and delivery. Nanosized colloidal

carriers have been shown to allow for increased accumulation of drug at tumors via the enhanced

permeation and retention (EPR) effect.1 As a result of the altered pharmacokinetics, the exposure of

chemotherapeutic drugs to healthy tissues is reduced. Colloidal carriers including liposomes,

nanoparticles, and polymeric micelles have been explored extensively for the delivery of a wide

range of drugs as anti-cancer therapy.1,2

Polymeric micelles are nanosized assemblies of amphiphilic block copolymers that are suitable

for the delivery of hydrophobic and amphiphilic agents. In an aqueous medium, micelles consist of

a hydrophilic shell that minimizes clearance by the mononuclear phagocytic system (MPS) and a

hydrophobic core that functions as a reservoir for hydrophobic drugs. In the past two decades, four

polymeric micelle formulations loaded with chemotherapeutic drugs (i.e., NK911, SP1049C,

Genexol-PM, and NK105) have entered clinical trial development. The results from the clinical

studies have indicated that the polymeric micelle formulations reduce the toxicity associated with

conventional formulations of these drugs that, in turn, results in a higher therapeutic index. Many

preclinical fundamental studies have evaluated the relationships between the composition of the

copolymers and the physico-chemical properties of the micelles. The properties of the micelles

such as polymer–drug compatibility, thermodynamic and kinetic stability, and the drug release

profiles have been shown to influence the in vivo performance and therapeutic effectiveness of the

micelle-formulated drugs. These studies serve as guidelines for the optimization of polymeric

micelles for clinical applications.

This chapter is divided into six major sections and provides a discussion of the various aspects

relating to use of polymeric micelles for formulation of anti-cancer drugs. Section 17.2 contains

information on the physico-chemical properties of micelles (e.g., composition, size and size distri-

bution, morphology, stability), micelle preparation techniques as well as drug loading and release

properties of micelles. Section 17.3 highlights the preclinical development of several polymeric

micelle formulations that are currently under clinical trial evaluation for use as cancer therapy.

Specifically, the optimization of the physico-chemical characteristics of NK911, SP1049C,

Genexol-PM, and NK105 are discussed. In Section 17.4, the interaction between polymeric

micelles and cancer cells, including cellular internalization, in vitro cytotoxicity, and
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chemosensitization of multi-drug resistant (MDR) cancer cells is reviewed. In Section 17.5, the

physico-chemical properties of polymeric micelles are related to their in vivo performance such as

in vivo drug release, pharmacokinetics, toxicity profiles, and anti-cancer efficacy. Finally, in

Section 17.6, the development of several advanced polymeric micelle systems that are capable

of targeted delivery to tumors via external stimuli (e.g., ultrasound, heat, light) or active targeting

mechanisms (e.g., ligand coupling, pH-sensitive) are introduced.
17.2 GENERAL PROPERTIES OF POLYMERIC MICELLES FOR DRUG

FORMULATION

In order to fully exploit the benefits of polymeric micelles for drug delivery, the drug-loaded

micelle system requires extensive optimization in terms of its physico-chemical characteristics.

Factors that may influence the performance of drug-loaded micelle systems include the selection of

the building blocks to form the micelles, physico-chemical properties, drug partitioning, drug

loading, and drug release profile.

17.2.1 BUILDING BLOCKS FOR POLYMERIC MICELLES

Amphiphilic block copolymers are the typical building blocks used for the formation of micelles.

The term amphiphilic refers to a molecule that consists of both hydrophobic and hydrophilic

segments. In aqueous solution, these block copolymers can self-assemble to form micelles

consisting of a hydrophobic core and a hydrophilic corona or shell.3–6 The hydrophilic corona
+ Water 
or buffer

+
Drug

+ Water 
or buffer

Remove
Solvent or

Solvent

Remove
Solvent

Solvent

+ Water 
or buffer

Hydrophilic corona

Hydrophobic core

(a)

(b)

(c)

FIGURE 17.1 Techniques for preparation of drug-loaded block copolymer micelles. (a) Copolymers and

drugs are directly dissolved in water and form drug-loaded micelles spontaneously using the direct dissolution

method. (b) In the evaporation method, copolymers and drugs are dissolved in an organic solvent. The solvent

is evaporated, and drug-loaded micelles are formed with the addition of an aqueous solution. (c) In the dialysis

method, copolymers and drugs are dissolved in an organic solvent that is miscible with water. Subsequent

addition of water induces formation of micelles with swollen cores. Finally, the solvent is removed by

evaporation or dialysis to form intact drug-loaded micelles. The structure of a drug-loaded micelle is also

shown above.
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TABLE 17.1
Examples of Polymers That Are Commonly Used as Building Blocks for Block Copolymer

Micelles in Drug Delivery

Hydrophilic segment (corona-forming block)

Poly(ethylene glycol) or

poly(ethylene oxide)

PEG or PEO CH2 CH2 O
m

Poly(N-vinyl-pyrrolidone) PVP CH2 CH

N O
m

Hydrophobic segment (core-forming block)

Poly(caprolactone) PCL
C (CH2)5 O

O

n

Poly(D,L-lactide) PDLLA C CH

O

CH3

n
O

Poly(glycolide) PGA
C CH2

O

O
n

Poly(D,L-lactide-co-glycolide) PLGA C CH2

O

O CH

O

O

CH3

x yC

Poly(aspartic acid) PAsp NH C

O

CH NH C

O

CH2 CH NH

COOHCH2 COOH
x y

Poly(b-benzyl-L-aspartate) PBLA nNH C CH NH

O

CH2 COOC H2Pluronicw copolymer (triblock)

O CH2 CH2 O CH CH2

CH3

O CH2 CH2
m/2 m/2n

Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
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acts as the interface between the core and the exterior environment, and the hydrophobic core

serves as the reservoir for the incorporation of lipophilic drugs (Figure 17.1).

In drug delivery, biodegradable and biocompatible copolymers are chosen as a result of their

degradation into non-toxic oligomers or monomers that are eventually absorbed in the body and/or

eliminated. Many of the amphiphilic block copolymers used in drug delivery contain either a

polyester, polyether, or a poly(amino acid) derivative as the hydrophobic block. A number of

these hydrophobic polymers that have been used as the core of a micelle are listed in Table 17.1.

Polyesters such as poly(D,L-lactide) (PDLLA), poly(glycolide) (PGA), and poly(3-caprolactone)

(PCL) have been chosen as the core block because these polymers are biocompatible, biodegrad-

able, and FDA approved for use in medical devices. Poly(propylene oxide) (PPO) is a polyether that

has been used as the hydrophobic block in the well-studied Pluronicw family, the triblock
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copolymers of poly(ethylene glycol)-block-poly(propylene oxide)-block-poly(ethylene glycol)

(PEG-b-PPO-b-PEG).7 Finally, poly(amino acid)s such as poly(aspartic acid) (PAsp) and poly

(b-benzyl-L-aspartate) (PBLA) have also been widely explored as materials for the hydrophobic

block because they can be easily modified synthetically. The wide range of materials available for

selection as the hydrophobic block of the copolymer enables the preparation of micelles’ having a

variety of microenvironments within their cores.

In contrast, the hydrophilic block is important for stabilizing the micelle in its aqueous environ-

ment. The criteria for the selection of the hydrophilic block is that the polymer should be both

uncharged and water soluble (e.g., poly(ethylene glycol), polyacrylamide, polyhydroxyethylmetha-

crylate, poly(N-vinyl-pyrrolidone) (PVP), and poly(vinyl alcohol)).8 Poly(ethylene glycol) (PEG)

is most commonly used as the hydrophilic segment in micelles. The molecular weights of PEG used

in block copolymers typically range between 1000 and 12,000 g/mol with a chain length that is

typically equal to or greater than the length of the core-forming block.4 PEG can also be referred to

as poly(ethylene oxide) (PEO), a polymer with a molecular weight that is greater than 20,000 g/

mol, whereas PEG refers to polymers with molecular weights below this value.9 Because of its high

water solubility and large excluded volume, PEG can stabilize the micelles by sterically excluding

other polymers from the surface of the micelles.1,2,10 In addition, PEG can inhibit the surface

adsorption of biological components such as proteins, improve the residence time of the micelles

in the circulation, and limit the micelle clearance by the MPS.10–13

The selection of building blocks for the micelle system includes the type of polymers and the

length of the core- and corona-forming polymer blocks; these will influence the physico-chemical

properties of the micelles and also affect the overall therapeutic efficacy of the delivery system.

17.2.2 PHYSICO-CHEMICAL PROPERTIES OF POLYMERIC MICELLES

In order to design an effective micellar drug delivery system, several key physico-chemical proper-

ties of the micelles should be considered as a means to optimize performance. These include

micelle size and size distribution, morphology, and stability.

17.2.2.1 Size and Size Distribution

Block copolymer micelles typically range in size from 10 to 100 nm. As a result of their small size

and the steric stabilization provided by the hydrophilic corona, micelles are less susceptible to MPS

clearance.14,15 In addition, their small size allows them to extravasate through the leaky endo-

thelium and accumulate at the tumor interstitium. Therefore, micelles can passively target tumors

via the enhanced permeability and retention (EPR) effect.1,16 Micelles can also pass through the

pores of the renal filtration system as individual polymer chains following disassembly. A renal

threshold limit of less than 50,000 g/mol has been reported for polymeric carriers,17 so it is

important to design a micelle system where the individual polymer chains have a molecular

weight that is lower than this threshold limit. The small size of the micelles also allows for

sterilization by filtration in order to remove bacteria prior to intravenous administration.

Filtration can also be used to reduce the size distribution of colloidal carriers that have broad

distributions following initial preparation. Micelles tend to have a relatively narrow size distri-

bution; however, they are prone to secondary aggregation because of insufficient coverage of the

hydrophobic core by the hydrophilic chains. Dilution has been shown to be useful in breaking apart

the secondary aggregates of primary micelles.18

17.2.2.2 Morphology

When the corona-forming block of a copolymer is smaller than the core-forming block, crew-cut

micelles are produced.3 These copolymers may be used to prepare a wide range of morphologies

including spheres, rods, lamellae, vesicles, large compound micelles, etc.19,20 Of particular interest
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FIGURE 17.2 Transmission electron micrograph of block copolymer micelles formed from methoxy poly

(ethylene glycol)-block-poly(5-benxyloxy-trimethylene carbonate) copolymers. (Reproduced with permission

from Biomacromolecules 2004, 5, 1810–1817. Copyright 2004, American Chemical Society).
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are block copolymer vesicles that may prove to be effective for the simultaneous delivery of both

hydrophilic and hydrophobic agents.21,22 However, most of the block copolymer micelles used in

drug delivery consist of spherical, star-type micelles as they are formed from copolymers that have

a hydrophilic block that is of equal or greater length than the hydrophobic core-forming block.3 A

sample transmission electron micrograph of a population of spherical micelles is shown in

Figure 17.2.

17.2.2.3 Stability

The physical stability of block copolymer micelles is important because the early release of the

drug into the bloodstream as a result of the disassembly of copolymer chains results in insufficient

accumulation of the drug at the target site. It is critical that the copolymer micelles possess

sufficient stability to remain intact in the circulation. The thermodynamic tendency for micelles

to disassemble into individual chains is reflected by the critical micelle concentration (CMC) of the

copolymer. Below the CMC, the copolymer is in the form of single polymer chains or unimers, and

above the CMC, the copolymer exists as micelles in equilibrium with a small population of single

chains. In this way, the CMC represents an important parameter as it determines the thermo-

dynamic stability of the micelles during dilution.23 Small molecule surfactants form micelles

that tend to have higher CMC values that make them more susceptible to disassembly following

dilution. In contrast, amphiphilic block copolymers tend to be more thermodynamically stable with

lower CMC values in the range of 10K7–10K6 M.3,24,25
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The CMC has been found to be dependent on the nature and length of the hydrophobic block,

the length of the hydrophilic block, and the total molecular weight of the copolymer.26,27 Speci-

fically, increasing the hydrophobicity of the core-forming block reduces the CMC and, in turn,

improves the thermodynamic stability of the micelles. For example, Leroux et al. have demon-

strated that increasing the hydrophobic PDLLA block from 27 to 55 mol% in a series of PVP-b-

PDLLA-b-PVP copolymers results in a decrease in the CMC from 19.9 to 5.1 mg/L.28 In contrast,

when the hydrophilic block length is increased and the hydrophobic block is kept constant, the

CMC increases as has been shown for the Pluronicw copolymers.29

Even at concentrations below the CMC, micelles can remain kinetically stable for extended

periods of time depending on their glass transition temperature (Tg) and/or Tm if the core-forming

block is semicrystalline. Micelles with a core-forming block that has a lower Tg (below 378C) will

tend to disassemble at a faster rate than those with a higher Tg as a result of the free motion of the

core-forming polymer chains at temperatures above the Tg. For example, Kataoka et al. found a

dramatic increase in the CMC of PEG-b-PDLLA micelles at a temperature above the Tg of the

hydrophobic PDLLA polymer that suggested a decrease in the kinetic stability of the system.30

Kang et al. improved the kinetic stability of PEG-b-poly(lactide) (PLA) block copolymer micelles

by blending equimolar mixtures of PEG-b-poly(D-lactide) (PDLA) and PEG-b-poly(L-lactide)

(PLLA) enantiomeric copolymers. They reported superior kinetic stability as a result of the

increased van der Waals interactions between the PLA polymer chains that promoted a denser

packing and a tighter conformation.31 Finally, the presence of the hydrophobic drug in the core has

also been shown to promote kinetic stability of the formulation.32
17.2.3 PREPARATION OF BLOCK COPOLYMER MICELLE FORMULATIONS

The selection of the appropriate preparative technique for micelle formation is largely based on

the solubility of the copolymer and the drug in aqueous media. There are several methods

that have been developed for the preparation of drug-loaded block copolymer micelles,

including the direct dissolution method, evaporation method, and dialysis method as depicted

in Figure 17.1.

The direct dissolution method is employed for block copolymers that are relatively soluble in

water (e.g., Pluronicw). In this method, the copolymer and the drug are directly dissolved in water

or an aqueous solution such as phosphate-buffered saline (PBS) with subsequent heating and/or

stirring to induce micellization. Successful loading of doxorubicin, etoposide, nystatin, and halo-

peridol into Pluronicw micelles has been achieved using this method.33,34

For copolymers and drugs with limited aqueous solubility, the evaporation method can be used

to prepare the micelle formulations. This method involves first dissolving the copolymer and the

drug in a common solvent or a mixture of two miscible solvents. The mixture is then stirred, and the

solvent is allowed to evaporate, yielding a copolymer–drug film that can be reconstituted in warm

water or a buffer to form the drug-loaded micelles.35–38

The most commonly used method for the preparation of drug-loaded micelles from poorly

water-soluble copolymers is the dialysis method. The copolymer and the drug are first dissolved in a

common organic solvent that is miscible with water. Slow addition of water results in the formation

of micelles with swollen cores. The solution is then dialyzed against a large volume of water to

remove the organic solvent.3,28,32,39 As the percentage of solvent decreases, the degree of swelling

in the micelle core decreases to form intact drug-loaded micelles. Alternatively, the solvent can be

removed by evaporation of the solvent from the polymer–drug mixture to form micelles (i.e.,

emulsification method).38,40,41 The selection of the organic solvent and the ratio of water-to-solvent

employed have been shown to greatly affect the physical properties and drug loading of the

micelles.39
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17.2.4 PROPERTIES OF MICELLE FORMULATIONS

The drug loading and drug release profiles of block copolymer micelle formulations will influence

the in vivo therapeutic efficacy of the system. There is a balance between the amount of drug that

can be loaded into the hydrophobic core and the amount of drug that can be released from the same

core.36 The drug loading and drug release from the micelles is highly dependent on the partitioning

behavior of the drug into the micelle.
17.2.4.1 Drug Partitioning

Drug loading into block copolymer micelles is achieved by the partitioning of the lipophilic agents

into the micelle core. The partition coefficient (Kv) refers to the extent to which a drug selectively

partitions into a micelle and can be expressed as follows:

Kv Z
½Drug�micelle

½Drug�aqueous

(17.1)

where [Drug]micelle and [Drug]aqueous represent the molar concentrations of the drug in the micelle

phase and aqueous phase, respectively.23,42 Many different experimental methods including surface

tension,23 UV–vis spectroscopy,43,44 fluorescence,33,42,45,46 solubility in model solvents,47,48 and

theoretical methods49,50 have been used to study the partitioning behavior of molecules in block

copolymer micelle solutions. The length of the hydrophobic block influences both the CMC and the

partition coefficient. An increase in either the length or the hydrophobicity of the core-block has

been shown to improve the partitioning behavior of hydrophobic agents into the micelle core.51,52

Hydrophobic molecules such as pyrene preferentially reside in the hydrophobic micelle core.50

However, the micelle core is not the only site for drug solubilization. Various amphiphilic solubi-

lizates can reside at the core–corona interface or in the corona itself.45,47,53
17.2.4.2 Factors Affecting Drug Loading

The partitioning behavior of drugs into the micelle core, core–corona interface and/or corona

controls the amount of drug that can be solubilized in the micelles. However, for a block copolymer

micelle system to act as a true carrier, it must retain the drug within the micelles for prolonged

periods of time following administration. Also, it is highly unlikely that a single block copolymer

micelle system can effectively deliver all types of drugs. Therefore, selecting a core block for the

drug of interest is an important consideration in the design of an effective micelle delivery system.

Micelle drug loading is influenced by several factors, including the hydrophobicity and length of

the core-forming block, the length of the corona-forming block, the specific interactions between

the drug and core, and the method of micelle preparation.

The hydrophobicity and length of the core-forming block have a great influence on the size of

the micelles and the loading into the core of the micelle. For example, Lin et al. reported that

increasing the degree of hydrophobicity of the core-forming block improved the drug loading into

the micelles.54 Also a larger amount of drug can be incorporated into micelles formed from

copolymers having a larger core-forming block in comparison to a shorter hydrophobic block.

For example, Shuai et al. demonstrated that for doxorubicin-loaded micelles formed from PEG-

b-PCL copolymers with a constant PEG block length, increasing the PCL block length resulted in

an increase in doxorubicin loading from 3.1% to 4.3% (wt./wt.). The hydrophilic block length can

also influence drug loading. By increasing the corona-forming block, the CMC will also increase,

and this may result in a decrease in the aggregation number (Nagg). For example, Gadelle et al.
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showed that increasing the PEG block length caused an increase in the CMC, a decrease in the Nagg,

and a decrease in the degree of solubilization of hydrophobic agent into the micelles.55

Specific interactions between the core-forming block and entrapped drug can also affect drug

loading in the micelles. This is referred to as polymer–drug compatibility where the compatibility is

defined as interaction between the two species that does not involve any chemical change to either

the drug or the polymer. Typically, the interactions that are present between polymer and drug are

hydrogen bonding, ionic, and pi–pi. Lee et al. showed that by increasing the number of functiona-

lized carboxylic acid (COOH) groups from 0% to 19.5% (weight percent of repeat units), they were

able to augment papaverine loading from 3.5% to 15% (wt./wt.) in PEG-b-PDLLA micelles. They

attributed the increase in papaverine loading levels to hydrogen bonding interactions between the

COOH groups of the copolymer and the unpaired electron groups of the oxygen and/or nitrogen

atoms in the drug.56 Other approaches include improving drug loading by enhancing the local

microenvironment of the micelle core through the means of conjugation of a small amount of

drug16 or conjugation of side chains with similar structures to the drug.57,58

Finally, the method that is selected for preparation of the micelles has also been shown to have

an effect on the overall degree of drug loading. Yokoyama et al. have shown that using different

micelle preparation techniques led to distinctly different drug loading efficiencies for

campthothecin (CPT) in a series of PEG-b-poly(aspartate ester) copolymers.38,59 The use of the

dialysis method resulted in a CPT loading efficiency of 19% and a cloudy formulation with large

aggregates and drug precipitates. In contrast, when CPT was loaded using the evaporation method,

a loading efficiency of 73% was obtained and also a clear solution was observed.38 In addition to the

selection of the preparation method, method-specific parameters (nature of organic solvent, solvent

ratio) have also been proven to affect drug loading into the micelles. Yokoyama et al. showed that

the use of dimethylformamide to prepare KRN 5500 loaded PEG-b-poly(16-b-cetyl-L-aspartate-co-

b-benzyl-L-aspartate) micelles resulted in a higher drug loading level when compared to using

dimethylsulfoxide.60 The ability to achieve a high drug loading level is important as this allows for

maximization of the drug to polymer ratio that, in turn, means that less copolymer will need to be

administered per dose of formulation.
17.2.4.3 Factors Influencing Drug Release from Polymeric Micelles

A drug can be localized in potentially three different areas in a block copolymer micelle: in the core,

at the core–corona interface, and at the corona.53 The drug in the micelle core has a longer diffusion

path relative to the drug that is located at the core–corona interface or the corona. The drug that is

released from the core–corona interface or the corona is typically referred to as a burst release, an

initial discharge of drug in a relatively short period of time (typically hours). For example, Brom-

berg et al. observed a burst release (5–11%) of b-estradiol from the poly(acrylic acid) (PAA) corona

of Pluronicw-PAA micelles.61 In most cases, after a burst release, a slower and more consistent

release that typically lasts for a longer period of time (typically days to months) is observed. For

example, Kim et al. demonstrated slow release of indomethacin (i.e., less than 30% released over a

period of approximately 100 h) from Pluronicw/PCL micelles.62

The kinetics of drug release from micellar systems has been studied extensively by many

groups.36,45,61,63–65 Despite the extensive release studies, the mechanism of drug release from

block copolymer micelles is not fully understood. However, many groups believe that diffusion

and copolymer degradation are the two principal mechanisms of release provided that the micelles

are stable under the release conditions investigated.63 If the interaction between the polymer and the

drug is strong and the rate of biodegradation is fast, then the degradation rate would govern the rate

of drug release. However, the rate of drug release from micelles, as observed in vitro, usually

exceeds the rate of copolymer degradation. As a result, polymer degradation can most often be

ruled out as one of the main mechanisms of drug release. Therefore, diffusion of the drug may be

considered the principal mechanism of release from micelles.
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Drug release is influenced by three main factors: the characteristics of the drug (amount of drug,

molecular weight of the drug, and molecular volume of the drug), the properties of the core-forming

block (molecular weight of the core, nature of the core, and physical state of the core), and the

degree of polymer–drug compatibility.

The amount of drug present in the micelle has been found to influence the release. Most often it

has been found that an increase in the concentration of drug present results in a decrease in the rate

of drug release.36,65–67 For example, Gref et al. reported that higher concentrations of lidocaine in

PEG-b-poly(D,L-lactide-co-glycolide) (PEG-b-PLGA) micelles resulted in a slower release rate for

the drug.66 Similarly, Lim Soo et al. observed that increasing the amount of estradiol in PEG-b-PCL

micelles decreased the rate of drug release.65

The physical properties of the drug, including molecular weight and molecular volume have

also been shown to influence their rate of release from micelles. An increase in the molecular

weight of the drug forces a greater reorientation of the polymer chains for movement of the drug

molecules through the polymer matrix. An increase in the volume of the drug will also require a

greater effort to reorganize the polymer to accommodate its movement. As a result, larger or

heavier molecular weight drugs will tend to have lower diffusion coefficients as opposed to

smaller molecular weight agents.

The rate of diffusion of a drug in and out of the micelle is also greatly influenced by the

properties of the micelle core. In general, increasing the molecular weight of the core-forming

block will increase the size of the core provided that the hydrophilic block length is held constant.

This increase in the molecular weight of the hydrophobic block and the size of the core has been

found to decrease the overall rate of release rate of the entrapped agent.63,68–71

The nature of the core, specifically the hydrophobicity and/or polarity of the core, influences the

release rate of the drug as it determines the permeability of the core to aqueous media. Micelles with

a highly hydrophobic core will likely have less aqueous fluid in the core in comparison to micelles

that have a more hydrophilic or polar core. Therefore, micelles prepared from more hydrophilic

cores will likely have an accelerated rate of drug release. The physical state of the core will also

affect the diffusion of drug from the micelles. Polymers that have a high Tg or bulky groups present

on their backbone are limited in terms of their ability to reorient. As a result, these polymers will

form micelle cores with a high microscopic viscosity, resulting in a low diffusion coefficient for the

drug that is incorporated because of limited movement.72 This is in contrast to polymers that are

more rubbery or gel-like that will tend to form cores that have a low microscopic viscosity and a

higher rate of diffusion for the incorporated drugs.

Finally, the degree of polymer–drug compatibility greatly influences the rate of drug release

from the micelles. Drugs that are highly miscible with the core-forming block have a high degree of

polymer–drug compatibility. It is expected that these drugs would be molecularly dissolved in the

core and not exhibit any crystallinity such that the release would be relatively fast. However, it is

necessary to consider that the actual effect of a high degree of miscibility on drug release depends

on the strength and extent of the core–drug interactions.36,45 An increase in the extent of interaction

between a drug and the polymer will result in a decrease in the diffusion coefficient of the drug

(slower release).73 The ability to provide sustained release of the drug from micelle systems is

particularly beneficial for their use in therapeutic applications.
17.3 PHYSICAL CHARACTERISTICS OF POLYMERIC MICELLES FOR

CLINICAL APPLICATIONS IN CANCER THERAPY

In the past two decades, many groups have reported on the development and optimization of

polymeric micelles for the delivery of anti-cancer drugs. In particular, much effort has focused

on the formulation of doxorubicin and paclitaxel in micelles because of their dose-limiting toxi-

cities in currently approved formulations and high potency against a wide variety of cancers. To
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FIGURE 17.3 Structures of anti-cancer drugs, (a) doxorubicin and (b) paclitaxel, that have been formulated in

polymeric micelle formulations for clinical trial development.
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date, several doxorubicin- (i.e., NK911, SP1049C) and paclitaxel-loaded (i.e., Genexol-PM,

NK105) micelle formulations have entered clinical trial development.
17.3.1 DOXORUBICIN

Doxorubicin (Adriamycinw), a member of the anthracycline antibiotics family, is currently

employed for treatment of many types of cancer because of its broad anti-tumor spectrum. It is

approved, either alone or in combination with other chemotherapeutic drugs, for treatment of

breast, ovarian, bladder, lung, thyroid, and gastric cancer as well as malignant lymphoma, acute

forms of leukemia, and sarcomas.74 The cytotoxic effect of doxorubicin is said to result from a

combination of cell damage mechanisms, some that have not been conclusively identified. One of

the effects of doxorubicin that is known to contribute to its anti-tumor activity is the inhibition of

cellular replication and DNA transcription as a result of an irreversible change in the DNA tertiary

structure.75 This non-cell type specific cytotoxic effect of doxorubicin is mainly attributed to its

ability to intercalate between DNA base pairs with its planar structure (Figure 17.3a). Indeed, the

planar moiety of doxorubicin has been shown to improve the stability of micelles when loaded in

the micelle core.76 Doxorubicin has been successfully loaded into micelles formed from PEG-b-

poly(3-caprolactone) (PEG-b-PCL),41 PEG-b-poly(D,L-lactide-co-glycolide) (PEG-b-PLGA),77,78

PEG-b-poly(propylene oxide)-b-PEG (PEG-b-PPO-b-PEG; Pluronicw),26,79–81 and PEG-b-poly

(aspartic acid) (PEG-b-PAsp).16,32,82,83 Currently, two doxorubicin-loaded micelle formulations,

NK911 (i.e., PEG-b-PAsp) and SP1049C (i.e., Pluronicw) are being investigated in clinical trials.
17.3.1.1 NK911

NK911 is a doxorubicin-loaded PEG-b-PAsp copolymer micelle formulation developed by

Kataoka and co-workers. Doxorubicin is both physically entrapped in the micelle core and chemi-

cally conjugated to the aspartic acid side chains of the core-forming block via amide linkages.

NK911 is currently undergoing phase II clinical trial evaluation for efficacy and toxicity profiles.

The formulation entered phase I in 2001, and the results from this trial revealed that NK911 exhibits

a longer circulation half-life, a larger area under the curve (AUC), and reduced toxicities in

comparison to the conventional formulation of doxorubicin.82 The prolonged circulation lifetime

of NK911 is attributed to its composition and the monomodal size distribution of the micelles with a

mean diameter of approximately 50 nm.16,82
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The amphiphilic or polar nature of doxorubicin (log P value of 0.52) facilitates the partitioning

of this drug from the micelle core into the external medium.84 Therefore, chemical conjugation of

doxorubicin to the core-forming block can enhance drug retention and retard drug release from the

micelles. The initial development of the PEG-b-Asp micelles for drug delivery consisted of only

conjugated doxorubicin to the PAsp core. Specifically, PEG-b-PAsp copolymers were synthesized

from PEG-b-PBLA with the subsequent addition of doxorubicin to the carboxyl groups on the side

chains of the core-forming block. As a result of the conjugation, a 37 mol% substitution of doxor-

ubicin was achieved that is equivalent to 20 mg/mL doxorubicin.85 The doxorubicin residues of the

conjugates stabilize the micelle core through pi–pi stacking and hydrophobic interactions,

providing the micelles with excellent kinetic stability in vivo.76

Subsequent studies revealed that the chemically conjugated doxorubicin exerts negligible anti-

tumor activity in vitro and in vivo as a result of the lack of a cleavable linkage between the drug and

the copolymer. Therefore, the next generation of the PEG-b-PAsp micelles was prepared to include

physically encapsulated doxorubicin within the micelle core as well as the chemically conjugated

drug. The amount of doxorubicin that could be physically entrapped within the core was found to be

proportional to the amount of conjugated doxorubicin present. The enhanced compatibility between

the physically entrapped drug and the micelle core is attributed to the presence of the chemically

conjugated drug. In vivo studies confirmed that micelles with the highest amount of physically

entrapped doxorubicin had the most potent anti-cancer activity.32

The formation of a dimerized form of the physically entrapped doxorubicin was detected within

the micelles. Despite the fact that the dimer was found to have insignificant anti-tumor activity

in vitro and in vivo, it plays a supplementary role to stabilize the entrapped doxorubicin. The

addition of dimers to the micelles as part of the physically entrapped components can further

prolong the circulation lifetime of the micelles in vivo.86 However, the addition of doxorubicin

dimers was also found to decrease the aqueous solubility of the drug-loaded micelles that compro-

mised the stability of the micelles following lyophilization and long-term storage. Therefore, the

fully optimized NK911 formulation was prepared such that it only contained doxorubicin

monomer.82
17.3.1.2 SP1049C

SP1049C is a doxorubicin-loaded Pluronicw copolymer micelle formulation developed by Kaba-

nov’s group and Supratek Inc. (Montreal, Canada). In this formulation, doxorubicin is physically

encapsulated in micelles assembled from two different types of Pluronicw copolymers, L61 and

F127 in a 1:8 w/w ratio.26 In October 2005, SP1049C was granted orphan drug status by the FDA

for the treatment of oesophageal carcinoma based on results from the phase I study; meanwhile, its

phase II clinical trial results are currently under final review. In contrast to NK911, the phase I

clinical trial of SP1049C deliberately recruited patients with cancers that were refractory following

conventional treatment and patients with previous anthracycline treatment.81 This is due to the

established chemosensitizing effect of SP1049C against multi-drug resistant (MDR) cancers, an

effect that is attributed to its Pluronicw copolymer composition.

The Pluronicw copolymers are the class of copolymers that have been most widely evaluated

and employed in pharmaceutical applications. Studies have indicated that Pluronicw copolymers

having an hydrophile-lipophile balance (HLB) of less than 19 and a moderate molecular weight are

most effective in overcoming MDR.34 In a separate study, Pluronicw L61 that has an HLB value of

7 was found to be the most effective chemosensitizer among other Pluronicw copolymers.26,34

Doxorubicin loaded in Pluronicw L61 micelles was found to be 2–3 orders of magnitude more

toxic than conventional doxorubicin when evaluated in a range of drug-resistant cancer cells (e.g.,

MCF-7/ADR breast carcinoma, SKVLB ovarian carcinoma, KBV oral epithelial carcinoma, LoVo/

Dox colon adenocarcinoma, P388-Dox murine leukemia cells, SP2/0Dox myeloma as well as

others).26 Furthermore, mechanistic studies have shown that it is the unimers rather than the
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micelles that are responsible for the reversal of MDR.26,34 More details on the mechanisms and

effects of Pluronicw as chemosensitizers are given in Section 17.4.

Despite the effectiveness of micelles formed from only Pluronicw L61, the hydrophobicity of

the copolymer results in unfavorable stability issues. Phase separation and micelle aggregation

leading to microembolic effects have been observed in preliminary in vivo toxicity studies of the

L61 formulation. Kabanov and co-workers solved this problem by introducing a higher molecular

weight and more hydrophilic Pluronicw copolymer (F127) into the L61 micelle formulation. By

varying the ratio of the L61 to the F127 copolymer, it was found that at 0.25 w/w% L61 (i.e.,

effective dosing concentration of L61) and 2.0 w/w% F127, the Pluronicw micelles maintained their

effective diameter of 22.4 nm with no aggregation.26 In addition, the IC50 of doxorubicin loaded in

the L61/F127 micelles was similar to that of the L61 formulation. Therefore, the optimized

SP1049C formulation utilized for the clinical studies contains 2.0 mg/mL doxorubicin, 2.5 mg/

mL L61, and 20 mg/mL F127 in 0.9% sodium chloride.81
17.3.2 PACLITAXEL

Similar to doxorubicin, paclitaxel is a chemotherapeutic drug that has been loaded into block

copolymer micelles for investigation in clinical trials. Paclitaxel is an anti-neoplastic drug that

was first extracted from the bark of Pacific yew trees (Figure 17.3b). The cytotoxic effect of

paclitaxel is mainly attributed to its ability to promote the assembly as well as prevent the depo-

lymerization of microtubules.87 Stabilization of the microtubule networks inhibits normal

interphase and mitotic functions that, in turn, impedes cell division. Paclitaxel is approved for

treatment of ovarian, breast, and non-small cell lung cancers as well as AIDS-related Kaposi’s

sarcoma.87 Paclitaxel is highly hydrophobic with a log P value of 3.96 and low aqueous solubility

of 1 mg/mL.88,89 The commercialized formulation of paclitaxel, known as Taxolw, contains the

drug dissolved in a mixture of Cremophor EL and ethanol that increases its solubility by more than

6000-fold. However, administration of Cremophor EL leads to severe dose-limiting toxicities such

as hypersensitivity reactions and neuropathy.90 As a result, much effort has gone into the develop-

ment of a novel formulation of paclitaxel using biocompatible and biodegradable polymeric

micelles. Paclitaxel has been successfully loaded into PEG-b-poly(D,L-lactide) (PEG-b-

PDLLA),35,37,90,91 poly(N-vinyl-pyrrolidone)-b-PDLLA (PVP-b-PDLLA),28,92 PEG-b-PCL,93–95

and PEG-b-poly(d-valerolactone) (PEG-b-PVL).95 Genexol-PM (i.e., PEG-b-PDLLA) and

NK105 (i.e., PEG-b-PAsp) represent two paclitaxel-loaded polymeric micelle formulations that

have entered clinical trial development.
17.3.2.1 Genexol-PM

Genexol-PM, developed by Samyang Co. (Korea), is a paclitaxel formulation based on PEG-b-

PDLLA micelles. In 2004, results from a phase II clinical trial that evaluated Genexol-PM and

cisplatin as treatment for patients with advanced gastric cancer was reported.96 In the first clinical

trial, the AUC and Cmax of Genexol-PM was found to be lower than that of Taxolw; however, the

maximum tolerated dose (MTD) was increased from 135 to 390 mg/m2.90 Preclinical studies also

revealed similar pharmacokinetic profiles for Genexol-PM and Taxolw in the B16 melanoma

murine model. There are two explanations for the above observations. First, the liquid-like core

of PDLLA acts as a solubilization site for paclitaxel as opposed to an actual drug carrier,35 and

second, the decrease in AUC and Cmax occurs as a result of the shift in the drug accumulation to the

tumor tissues that was evidenced in preclinical biodistribution studies.97 Formulation development

of paclitaxel-loaded PEG-b-PDLLA micelles was mostly reported by Burt and co-workers.35,37,91

Genexol-PM is prepared by the evaporation method that involves co-dissolving paclitaxel and

PEG-b-PDLLA in acetonitrile with subsequent evaporation of the solvent to form a copolymer–

drug matrix. The matrix is then heated to 608C with the addition of water or buffer for self-assembly
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of paclitaxel-loaded micelles.97 The evaporation method is much more suitable than the direct

dissolution method because paclitaxel and PEG-b-PDLLA are relatively insoluble in aqueous

media. Indeed, the method employed for preparation of the paclitaxel-loaded PEG-b-PDLLA

micelles can influence the extent of drug loading and physical stability of the formulation. The

choice of solvent strongly influences the extent to which paclitaxel can be solubilized in PEG-b-

PDLLA micelles as reported by Zhang et al.37 Among many of the solvents tested, only acetonitrile

resulted in a clear micelle solution with no evidence of drug precipitation. It was suggested that

acetonitrile enhances the miscibility between paclitaxel and the PDLLA block that, in turn, reduces

the possibility of phase separation during the solvent evaporation process.37

Burt and co-workers also studied the use of PEG-b-poly(D,L-lactide-co-caprolactone) and PEG-

b-poly(glycolide-co-caprolactone) copolymers for encapsulation of paclitaxel. The addition of

hydrophobic caprolactone to PDLLA could potentially increase paclitaxel loading through the

increased hydrophobicity of the core-forming block. However, these micelles were found to

have poor physical stability and resulted in the precipitation of paclitaxel.35 The PEG-b-PDLLA

micelles can solubilize as much as 5% (w/v) paclitaxel and remain stable for up to 24 h. This is

mainly attributed to the absence of crystalline paclitaxel in the paclitaxel/PEG-b-PDLLA matrix as

revealed by x-ray diffraction studies. In fact, paclitaxel is molecularly dissolved in the PDLLA core

that prevents drug precipitation and results in excellent solubilization of the drug.37,91

The amorphous state of the paclitaxel–PDLLA core can be problematic for in vivo applications.

Studies have indicated that the presence of crystalline drug in the core can retard drug release.69,98

Therefore, the amorphous core of the paclitaxel-loaded PEG-b-PDLLA micelles can lead to a much

faster drug release profile. As demonstrated by Burt et al. following intravenous administration

paclitaxel rapidly dissociates from the micellar components in the circulation.35 Therefore, it is

likely that Genexol-PM acts as a solubilizer for paclitaxel rather than as a true drug carrier.

17.3.2.2 NK105

In 2005, Kataoka and co-workers, in collaboration with NanoCarrier Co., Ltd. and Nippon Kayaku

Co., Ltd., first reported on NK105, a paclitaxel-incorporated micelle formulation.99 The phase I

clinical trial of NK105 first began in April 2004. Similar to NK911, the building block of NK105 is

PEG-b-PAsp copolymers but with a slight modification to the aspartate blocks such that the

carboxyl residues are converted into 4-phenyl-1-butanolate by an esterification reaction. The

modification increases the hydrophobicity of the core-forming block that results in enhanced

entrapment and retention of paclitaxel in the micelles. The resulting drug-loaded micelles

contain 23% (w/w) paclitaxel with a weight–average diameter of approximately 85 nm.

With the improved micelle core stability, NK105 is predicted to act as a true drug carrier rather

than a solubilizer. As indicated by the in vivo preclinical studies, NK105 is extremely stable in vivo

with a 90-fold increase in the AUC and a 4–6-fold increase in the terminal phase half-life.99 In

addition, the tumor AUC was found to be 25-times higher than that of Taxolw. The superior in vivo

anti-tumor activity of NK105 in a human colorectal cancer xenograft model (HT-29) was a result of

the enhanced drug accumulation in the tumor, allowing for more drug-loaded micelle–cell

interactions. These results highlight the importance of polymer–drug compatibility and core stab-

ility in the design of effective micellar delivery systems. Therefore, the recent studies that focus on

customizing copolymer compositions to accommodate the distinct properties of different drugs

such as camptothecin,38,100 KRN 5500,60 and cisplatin101,102 may lead to the development of true

polymeric micelle carriers for delivery to tumor tissues.
17.4 INTERACTIONS OF POLYMERIC MICELLES WITH CANCER CELLS

Once the drug-loaded micelles have reached the tumor site, there are several mechanisms that

have been proposed for the delivery of micelle-incorporated drugs into the cancer cells as
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FIGURE 17.4 Proposed mechanisms for the delivery of micelle-formulated drugs into cancer cells. (a) Drug is

released from the micelles and diffused into the cell as free drug. (b) The drug-loaded micelles diassemble in

the extracellular space and release the drug; the released drug then diffuses across the cell membrane into the

intracellular space. (c) Intact drug-loaded micelles are internalized via adsorptive pinocytosis after adsorption

onto the cell surface or (d) by fluid-phase endocytosis. The internalized drug-loaded micelles eventually reach

the lysosome where the drug can be released (e) by diffusion or (f) following disassembly or degradation of the

micelles.
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illustrated in Figure 17.4.103–106 In general, drugs can enter the cells via diffusion as free

molecules following release from the micelles (Figure 17.4a and b) or be internalized as drug

molecules entrapped within the micelles (Figure 17.4c–f). In addition, certain block copolymers

have also been found to act as chemosensitizers or modulators of drug efflux pumps.26,34,107–111

17.4.1 DRUG DIFFUSION

A free drug can diffuse across the cell membrane following disassembly of the micelles or release

of the drug from intact micelles. The extent and rate of diffusion of the free molecules across the

cell membrane will depend largely on the physico-chemical properties of the drug (water solubility,

charge, molecular weight, and partition coefficient). Small hydrophobic molecules can easily

permeate the membrane and enter the intracellular space. Studies have shown that the rate of

cell uptake of a free drug (non-micelle-incorporated) is faster than that of drug incorporated in

micelles.103–105 In this way, the release profile of the drug from the micelles can have a significant

influence on the rate of cellular uptake of the drug. As the drug is released from the micelles, there is

an increase in the gradient between the concentrations of free drug on the exterior and interior of the

cell that, in turn, drives diffusion of the drug into the intracellular compartment. A micelle system

with a slow drug release profile will only have a limited pool of free drug available for diffusion into

the cell. For example, Maysinger et al. demonstrated that for PEG-b-PCL micelles loaded with

benzo[a]pyrene that has an apparent partition coefficient (Kv) of 690, the rate of cell uptake of the

micelle formulated probe was similar to that of the rate of uptake of free benzo[a]pyrene. In

contrast, for micelles loaded with DiI that has a Kv of 5800, a much lower degree of cell uptake

of the micelle formulated probe was observed when compared to free DiI.45,103 Therefore, at the

site of interest, an increase in the rate of drug release from the micelles can result in a greater extent
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of intracellular drug accumulation if the drug can easily diffuse across the cell membrane. Micelle

systems that respond to external stimuli as a means to promote drug release at the tumor have also

been designed and are discussed further in Section 17.6. Another route for the entry of micelle-

formulated drug into cells includes the internalization or endocytosis of the drug-loaded

micelles.103,104,106
17.4.2 CELLULAR INTERNALIZATION

Macromolecules and nanosized particles including polymer–drug conjugates, liposomes, and

micelles are unable to diffuse through the cell membrane into the intracellular compartment. In

order to enter the cell, these drug delivery vehicles require an internalization mechanism such as

phagocytosis or pinocytosis. Only certain cell types called phagocytic cells (macrophages, neutro-

phils) can undergo phagocytosis. Particulate materials with diameters of less than 1 mm can be

internalized into these cells in membrane-bound vesicles called phagosomes.112 Conversely, pino-

cytosis is known to be non-cell type specific. This mechanism occurs by invagination of the cell

membrane that is similar to the mechanism in phagocytosis. However, the pinocytic vesicles that

pinch off from the cell membrane are generally smaller than phagosomes and have diameters

ranging from 100 to 200 nm.112 The pinocytosis mechanism can be further categorized into

fluid-phase and adsorptive.

Fluid-phase pinocytosis involves the engulfment of soluble materials and extracellular fluid

during continual cell membrane ruffling. This is in contrast to adsorptive pinocytosis that involves

the association of particulate materials with cell membrane components prior to internalization.113
(a)
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(c)

(e)

(d)

(f)
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Nucleus
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FIGURE 17.5 Internalization of ligand-conjugated micelles via receptor-mediated endocytosis. (a) The

ligand-coupled micelles approach the cancer cells and (b) bind to the cell surface receptors depending on

the association constant (ka) and the dissociation constant (kd) of the receptor–ligand complexes. (c) The

micelles are then rapidly internalized into the cells via receptor-mediated endocytosis. (d) The internalized

receptor and the ligand-conjugated micelles then undergo endosomal sorting in the early endosomes. In most

cases, (e) the receptor is recycled to the cell surface, and (f) the micelles enter the late endosome that eventually

fuses with the lysosome.
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For example, micelles that are conjugated with specific ligands can bind to the corresponding

receptors that are expressed on the cell surface; as a result, the micelles can be internalized via

receptor-mediated endocytosis.78,114,115 More details on receptor-mediated endocytosis are

provided in Section 17.6 and Figure 17.5. In most cases, micelles are internalized into the cells

through fluid-phase endocytosis.77,116,117

Fluid-phase endocytosis is expected to result in a lower degree of cell uptake in comparison to

adsorptive pinocytosis or diffusion of free hydrophobic agents. Differences in the cell uptake of

micelle-incorporated agents and non-micelle-incorporated agents have been demonstrated in

various studies. For example, using a hydrophobic fluorescent probe as a tracker for micelles,

the rate and amount of intracellular fluorescence was found to be much lower than incubation

with free probes.104 This has also been confirmed by other studies that relied on confocal

microscopy as a qualitative tool.103,105 Rapoport et al. also demonstrated that the incorporation

of doxorubicin and ruboxyl into Pluronicw micelles resulted in a decrease in the extent of cell

uptake of the agents in ovarian cancer cells.118 In a drug accumulation study at copolymer concen-

trations above the CMC of the Pluronicw copolymers, the accumulation of the fluorescent probe

R123 was substantially decreased in both non-multi- and multi-drug resistant cancer cells. It was

suggested that the R123-loaded micelles were transported into the cells via a vesicular route and

followed accumulation kinetics different from that of the non-micelle incorporated R123.34

Endocytosis is known to be an energy-, time-, and pH-dependent process.113 Many pharma-

cological manipulations have been employed in order to demonstrate that micelles are internalized

via an endocytotic pathway. For example, a low pH and incubation at 48C resulted in the reduction

of the internalization of micelles.104 Also, pre-treatment of cells with metabolic inhibitors such as

sodium azide and 2-deoxyglucose (DOG) that deplete the energy source for membrane ruffling

resulted in a decrease in the extent of uptake of radiolabeled-drug loaded-PEG-b-PCL micelles by

at least 80%. Another study conducted by Luo et al. reported similar findings, yet in this case, the

micelles were tracked using fluorescently labeled-copolymer.106 Furthermore, the pre-treatment of

cells with Brefeldin A, known to alter the morphology of endosomes, was also found to reduce the

extent of uptake of micelles. This suggests that an endosomal compartment may be involved in the

internalization of the micelles that further supports the claim that micelle internalization does

proceed by an endocytotic mechanism.104

In order to confirm that micelles have been internalized via the endocytotic pathway, different

methods have been developed for the detection of micelles in the relevant organelles. For example,

a pH-sensitive fluorescent probe has been used to confirm the presence of the micelles in acidic

organelles using flow cytometry.118,119 The subcellular localization of micelles can also be visual-

ized using confocal microscopy by fluorescently labeling the micelles and counterstaining the

intracellular organelles.41,105,115 Hydrophobic fluorescent probes physically entrapped in micelles

can also be used to track the micelles. The use of these probes to follow the pathway or fate of the

micelles requires virtually no or minimal release of the probe during the time frame of the experi-

ments. However, cell culture media often contain protein that can act to accelerate drug release.120

Therefore, the accuracy associated with using physically entrapped probes to track micelles is

questionable because of the different subcellular localization patterns of free and micelle-incorpor-

ated drugs.41,105 Ideally, fluorescent probes that are chemically conjugated to the copolymers

provide the most reliable tool for following the micelles in vitro. Although copolymers also

exist in unimeric form, the concentration of unimers in a micelle solution does not exceed the

CMC of the copolymer and represents only a minor population.106 Therefore, it is reasonable to

assume that the fluorescence detected corresponds to the micelle population provided that the

conjugation of the probe to the copolymers is stable.

Internalized micelles have been shown to localize mainly in cytoplasmic compartments, in

particular, the accumulation of micelles in acidic organelles (endosomes or lysosomes) has been

observed.105,118,119 Rapoport et al. have reported on the intracellular uptake and trafficking of

Pluronicw micelles. Their results suggested that after the micelles were internalized in acidic
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organelles, the non-ionic Pluronicw copolymers induced permeabilization of the membranes,

resulting in the release of the encapsulated drugs into the cytosol or into the nucleus via diffusion

of the drug.118 The nuclear pore complexes on the nucleus allow for passive diffusion of small

molecules that have diameters of less than 9 nm, whereas macromolecules as large as 39 nm can be

actively transported into the nucleus.121 Theoretically, micelles that are greater than 9 nm cannot be

translocated into the nucleus unless nuclear targeting signals are present on the particles. For

example, in cancer cells that have been incubated with tetramethylrhodamine-5-carbonyl azide

(TMRCA)-conjugated PEG-b-PCL micelles for 24 h, only cytoplasmic localization of the micelles

was observed, and the nuclear compartment was devoid of micelles.105 Similar results were

obtained by Shuai et al. with doxorubicin-loaded PEG-b-PCL micelles that have a delayed

release profile for doxorubicin from the micelles. The authors demonstrated that following incu-

bation of cells with micelle formulated doxorubicin for 2 and 24 h, the drug was only localized in

cytoplasmic compartments, whereas incubation of free drug with cells resulted in nuclear accumu-

lation.41 To date, the cellular internalization pathway and fate of micelles and micelle-encapsulated

drugs as a function of time have not been clearly elucidated. However, the in vitro pathway and fate

of micelles can have a significant impact on the cytotoxic effects of the formulated drug. The

various anti-cancer agents that have been traditionally formulated in micelles have different sites of

action within the cell. For example, paclitaxel and doxorubicin are required to bind to microtubules

in the cytoplasm and DNA in the nucleus, respectively, in order to exert their cytotoxic effects.

Therefore, if micelles could be engineered or designed to achieve a specific subcellular localization

that matched the required localization of the drug, the cytotoxicity of the drug could be enhanced.
17.4.3 IN VITRO CYTOTOXICITY

The subcellular localization and the release profile of drug-loaded micelles can impact the cytotoxic

effects of the drugs. In most cases, free drugs have been found to have lower IC50 values than drugs

formulated in micelles. Such an increase in the IC50 of the micelle-formulated drugs is likely

because of the delayed release of drugs from the micelle core.41,95,122

Shuai et al. reported delayed cell death in MCF-7 breast cancer cells when using a doxorubicin

formulated PEG-b-PCL micelle system in comparison to free doxorubicin.41 The confocal

microscopy images showed that the micelle-incorporated doxorubicin resides in the cytoplasm,

and free doxorubicin accumulates quickly in the cell nucleus. The delayed cell death could be due

to the difference in the subcellular localization of free and micellized drug because doxorubicin can

only exert its cytotoxic effect after reaching the nucleus.41 Interestingly, as reported by Yoo and

Park, doxorubicin-conjugated PEG-b-PLGA micelles, led to a 10-fold increase in the cytotoxicity

of this drug. However, in this case, doxorubicin was found to localize in both the cytoplasm and the

nucleus when delivered by micelles.77 The discrepancy between the intracellular localization of

doxorubicin formulated in the two distinct systems may be explained by their different drug release

profiles. The PCL core is more hydrophobic than the PLGA core and can, therefore, provide better

drug retention. Although doxorubicin was conjugated to the PLGA system that should result in a

much slower release, the hydrolytic linkage is susceptible to cleavage and results in a faster release

of the drug when compared to the PCL system. The cytotoxicity observed in the PEG-b-PLGA

micelle system can be attributed to the doxorubicin that has been cleaved from the copolymer and

released from the micelles because the conjugated drug was found to be non-cytotoxic.16,32

Furthermore, using a thermosensitive micelle system, Liu et al. obtained accumulation of

doxorubicin in the cytoplasm and the nucleus following a temperature increase, and no nuclear

accumulation of the drug was observed prior to the increase in temperature.122 The delayed cyto-

toxicity of micelle-formulated drugs may seem to be a limitation in terms of the utilization of this

technology as cancer therapy. However, the retention of drug in the micelles in vivo is required in

order to ensure successful delivery of the drug to the tumor site. The relationship between drug

retention in micelles and in vivo efficacy is discussed in Section 17.5.
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Copolymer micelles have also been found to amplify the effect of chemotherapeutic drugs in

cancer cells. In the case of multi-drug-resistant cancer cells, certain copolymers can also act as

chemosensitizers and increase the intracellular accumulation of the drug. The Pluronicw copoly-

mers are the family of materials that have been investigated most extensively in terms of their role

as chemosensitizers or modulators of drug efflux.
17.4.4 INFLUENCE OR EFFECT ON MULTI-DRUG RESISTANCE

Multi-drug resistance (MDR) is one of the most significant obstacles in chemotherapy and is often

found in refractory cancers. MDR may be a result of the undesired efflux of a drug from the

intracellular compartment. Transporter proteins that are overexpressed on the cell membrane of

certain cancer cells are responsible for drug efflux. The drug efflux protein that has been studied

most extensively is the ATP-dependent P-glycoprotein (P-gp).26,123 This drug transporter is also

expressed in healthy tissues such as the epithelial cells of the intestine and the endothelial cells in

the blood–brain barrier. The normal physiological function of P-gp is to regulate molecular trans-

port and provide protection or detoxification of the cell.124 The normal physiological levels of drug

efflux protein also function to limit the bioavailability of drugs delivered via the oral route as well as

to limit drug delivery to the brain.

Kabanov’s group has made significant contributions in the development of Pluronicw micelles

as a tool for enhancing drug delivery both across the blood–brain barrier and into MDR

tumors.7,26,34,108,110,124–127 Their work in this area originated from the finding that doxorubicin

formulated in Pluronicw micelles was more cytotoxic than free doxorubicin in drug-resistant cells.

Pluronicw can increase the cytotoxicity of anthracyclines in drug-resistant cancer cells by 2–3

orders of magnitude. For instance, the IC50 of daunorubicin in the presence of Pluronicw copoly-

mers was decreased by 700-fold in resistant ovarian cancer cells (SKVLB).125 Additional results on

the cytotoxicity of anti-cancer drugs formulated in Pluronicw micelles in resistant cancer cells are

summarized elsewhere.108,125 Further mechanistic studies have demonstrated that the ability of

Pluronicw copolymers to inhibit drug efflux proteins depends on their composition.

Specific compositions of Pluronicw copolymers were evaluated in a screening study in order to

demonstrate that the inhibitory effects of the copolymers on drug efflux were dependent on the

length of the PEG and PPO segments. It was found that hydrophobic Pluronicw copolymers with

values of HLB!19 and with an intermediate length of the PPO segments such as L61 (PEG2–

PPO30–PEG2) and P85 (PEG26–PPO40–PEG26) are the most effective at inhibiting P-gp.34

SP1049C is a Pluronicw-based micelle formulation that has been selected for further preclinical

development and has entered phase II clinical trial for the treatment of relapsed cancers. L61 was

chosen as the base component for the SP1049C formulation with the addition of F172 (another high

molecular weight hydrophilic Pluronicw) copolymers to stabilize the formulation as discussed in

Section 17.3.26

In many of the studies, the P85 copolymer was fundamental in the investigation of the

mechanisms of Pluronicw copolymers for overcoming drug resistance in cancer.23,108,109,124 To

date, several mechanisms have been hypothesized to account for the role that Pluronicw copolymers

play as drug efflux modulators, and these have been reviewed in detail elsewhere.26,123,125 It has

been confirmed that the unimers, as opposed to the copolymer micelles, are responsible for inhi-

biting drug efflux. For example, accumulation and cytotoxicity of doxorubicin were demonstrated

to increase with an increase in the Pluronicw concentration up to the CMC of the copolymer in drug-

resistant human breast cancer cells (MCF-7/ADR) as well as head and neck cancer (KBv) cells.

However, after reaching the CMC of the copolymers (the concentration when micelles are formed),

both the intracellular doxorubicin content and the cytotoxicity were found to level off and/or

decrease.34 Similarly, the extent of intracellular accumulation of fluorescein, a multi-drug resist-

ance-associated protein (MRP) substrate, in an MRP-expressing human pancreatic adenocarcinoma

cell line (Panc-1) was found to be dependent on the concentration of Pluronicw present.127
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The ability of Pluronicw unimers to inhibit drug efflux transporters is mainly attributed to ATP-

depletion.26,109 Use of certain metabolic inhibitors such as sodium azide can inhibit P-gp and result

in increased drug accumulation by depleting the energy source for efflux across the cell membrane.

Similar effects are obtained with the addition of Pluronicw copolymers to the cells as they result in

an abolishment of the energy supply within the MDR cells.34,109,125,127 For example, P85 and P105

were found to reduce the activity of the electron transport chain reactions in the mitochondria in

HL-60 cells, decreasing the degree of oxidative metabolism, indicating that Pluronicw copolymers

can interrupt the production of ATP.128 In addition, cell exposure to P85 has been found to induce

reversible transient ATP depletion in Jurkat lymphoma T-cells.129 These effects are much more

profound in MDR cells because the drug efflux mechanisms are ATP-driven.109 It was believed that

MDR cells consume energy at a much higher rate than non-MDR cells; therefore, their activity is

more susceptible to inhibition via ATP-depletion. As a result, the Pluronicw copolymers were

capable of chemosensitizing the MDR cells to a greater extent than non-MDR cells. All of the

above suggest that Pluronicw-induced ATP depletion is the major mechanism that is responsible for

inhibiting drug efflux in MDR cells.

Another proposed mechanism of drug efflux inhibition is membrane fluidization caused by

Pluronicw copolymers. Non-ionic surfactants have been shown to increase membrane fluidity and

contribute to the inhibition of P-gp efflux, resulting in the enhanced cytotoxicity of anthracyclines

in MDR cells.125,130 However, Pluronicw cannot increase the intracellular accumulation of P-gp

substrate in MRP-expressing cells, indicating that membrane fluidization on its own is insufficient

to inhibit drug efflux in drug-resistant cells. It was believed that the membrane fluidization effect

works synergistically with the ATP-depletion effect induced by Pluronicw copolymers to chemo-

sensitize MDR cells.127

Recently, Burt’s group reported on the synthesis of a series of low molecular weight PEG-b-

PCL for inhibition of P-gp efflux in human colon adenocarcinoma (Caco-2). Interestingly, at

concentrations above the CMC, the PEG-b-PCL copolymers were found to increase the accumu-

lation of P-gp substrate, and little activity was observed at concentrations below the CMC.111

Nevertheless, the inhibition of P-gp efflux was attributed to the unimers, and the inhibition

mechanisms of the PEG-b-PCL copolymers were said to be similar to that of the Pluronicw

copolymers.107 These low molecular weight PEG-b-PCL copolymers are a class of materials

with potential applications in the delivery of drugs to MDR cancer cells or the formulation of

drugs requiring improved bioavailability.
17.5 IN VIVO BIOLOGICAL PERFORMANCE OF BLOCK COPOLYMER MICELLES

In order to successfully reach and interact with the tumor cells, the micelle-formulated drug must

first circumvent the MPS. As systemic drug delivery vehicles, block copolymer micelles may serve

as either solubilizers and/or true drug carriers depending on their capability for drug retention and

stability in vivo. Several of the micelle formulations that have been developed for hydrophobic

drugs have been shown to provide a significant increase in their water solubility.36 The use

of biocompatible and biodegradable copolymers to form these micelles may result in formulations

with reduced toxicity in comparison to formulations formed from some conventional surfactants

or cosolvents. As a result, these copolymers may allow for higher doses of the drug to be adminis-

tered, and they result in improved efficacy when compared to a conventional formulation of

the drug.

Micelles that function merely as solubilizers increase the aqueous solubility of the drug, but

they do not retain the drug for prolonged periods of time following systemic administration. In this

way, the pharmacokinetics and biodistribution profile of the drug may remain largely unchanged.

By contrast, micelles may function as true carriers that are able to retain the drug until reaching the
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FIGURE 17.6 In vivo fate of drug-loaded micelles following administration into the bloodstream. (a) Proteins

can be adsorbed onto the micelle surface, leading to eventual clearance by the mononuclear phagocytic system

(MPS). (b) The drug-loaded micelles can also circulate in the bloodstream, accumulate in the tumor inter-

stitium via the enhanced permeability and retention (EPR) effect, and subsequently release the encapsulated

drug to the proximal tumor cells. (c) In the case where the micelle-encapsulated drug has a high affinity for

blood components, the drugs may be released from the micelle core at an accelerated rate to bind to proteins

that are present in the circulation prior to reaching the tumor.
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target or desired site.16,99,101 Micelles that function as carriers can result in significant improve-

ments in the toxicity profile and/or therapeutic efficacy of the encapsulated agents.

The ability of a micelle system to function as a solubilizer or a true carrier depends on the

following two factors: the stability of the micelles in vivo and the drug release profile in the

presence of various blood components. The stability of block copolymer micelles in vivo

depends on both thermodynamic and kinetic components as discussed in Section 17.2.
17.5.1 FATE OF POLYMERIC MICELLES IN VIVO

The MPS serves as one of the major mechanisms for the elimination of nanosized drug delivery

systems such as liposomes, nanoparticles, and micelles.131–133 Clearance by the MPS is first

mediated by an array of blood components that interact with the delivery vehicle or other
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foreign bodies present within the systemic circulation, a process termed opsonization.134–136

Following intravenous injection, the micelles quickly distribute into various tissues and organs

by way of the blood and lymphatic system. The primary elimination route for micelles is postulated

to include uptake by the liver and spleen followed by clearance through the kidneys via the

excretion of urine35,76,137–139 and/or hepatobiliary excretion in the feces.131,140 In this process,

various plasma proteins play an important role because they adsorb to the surface of a delivery

vehicle within the first few minutes of exposure, especially if the surface is charged or hydrophobic

(Figure 17.6a).141 The protein adsorption could cause opsonization, leading to rapid clearance of

both carrier and encapsulated drug by the MPS.10,142,143 As a result, a reduction in the extent of

protein adsorption to delivery vehicles such as micelles has been considered to be one of the key

strategies to increase the circulation lifetime of the vehicles in vivo.

Various efforts to prolong the lifetime of micelles in vivo have been explored, including

optimization of micelle size, size distribution, and surface properties. To this point, the micelles

explored for applications in drug delivery have mostly been formed from copolymers that include

PEG as the hydrophilic block. The presence of PEG at the surface of a delivery vehicle is known to

impart stealth properties.1,2,10 Good correlations have been found between the length of the PEG

block and the extent of stabilization provided.137 The degree of stabilization is largely determined

by the thickness of the PEG layer. The PEG chains are present in a coil-like conformation on the

surface of the micelles. The thickness of the surface layer (dh) may be calculated from the PEG

block length using the following equation: dhZa0.84where a is the number of PEG units.144 In a

study by Gref et al. in Balb/C mice, a significant increase in the circulation lifetime of PEG-b-

PLGA nanospheres was observed when the length of the PEG block was increased from 0 to

20,000 g/mol, and the length of the PLGA block was held constant. The increased thickness of

the protective PEG layer likely provides complete coverage of the more hydrophobic PLGA

components. In the same study, the increase in the PEG length also resulted in a significant

reduction in the extent of liver uptake of the particles that provided further evidence that PEG

could effectively decrease the extent of opsonization and, therefore, limit MPS elimination.66

For materials to be eliminated by glomerular filtration through the kidneys, they must have a

molecular weight of less than 50,000 g/mol.17 The total molecular weight of a block copolymer

micelle is typically on the order O200,000 g/mol, and the molecular weight of the individual

copolymers ranges between 3000 and 25,000 g/mol.145 Therefore, it may be postulated that only

the copolymer single chains rather than intact micelles are eliminated by renal excretion.
17.5.2 IN VIVO DRUG RELEASE PROFILES

Micelles introduced into the circulation are exposed to a vast array of proteins, blood cells, and

other blood components. A high affinity between the drug and major blood components commonly

results in an acceleration of drug release from the micelles in vivo that, in turn, leads to a rapid

elimination of the drug from the body (Figure 17.6c).16 Studies have shown that the in vivo release

profile of drug from micelles is largely determined by the compatibility between the drug and the

core-forming block as well as the affinity between the drug and plasma proteins.36,120,146,147

Ramaswamy et al. investigated the distribution of paclitaxel in vitro in human plasma samples

following incubation of free drug or drug incorporated in PEG-b-PDLLA micelles with the plasma.

In this study, similar plasma distribution profiles were obtained following incubation of free and

micelle-formulated paclitaxel with lipoprotein deficient and lipoprotein rich fractions.147 In this

way, this study clearly illustrates the extent to which the in vivo retention of drugs in colloidal

carriers may be determined by the drugs’ affinity for plasma components. Therefore, the micro-

environment within the delivery system must have the capability to compete with the various

plasma components in order to achieve prolonged drug retention within the micelles in vivo.
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17.5.3 TOXICITY, PHARMACOKINETICS, AND ANTI-CANCER EFFICACY OF DRUGS FORMULATED

IN BLOCK COPOLYMER MICELLES

As previously discussed, various micelle-based formulations have been demonstrated, in both

preclinical and clinical studies, to decrease the toxicity and increase the efficacy of the encapsulated

agents.16,82,90,148 To date, two of the drugs that have been most commonly formulated in block

copolymer micelles are doxorubicin and paclitaxel (Figure 17.3). A general description and over-

view of both the doxorubicin and paclitaxel formulations in clinical development has been given in

Section 17.3. At present, there are two micelle formulations of doxorubicin (i.e., SP1049C and

NK911) and two of paclitaxel (Genexol-PM and NK105) that are in clinical trial development.

17.5.3.1 Doxorubicin Formulations (SP1049C and NK911)

SP1049C includes doxorubicin formulated in L61 and F127 Pluronicw copolymers at a ratio of 1:8

(wt/wt).26 For doxorubicin administered in the SP1049C formulation at a dose of 10 mg/kg, the

AUC in healthy mice was found to be 14.6 mg h/mL while the maximum concentration (Cmax) in

plasma was 4.47 mg/g. For doxorubicin administered as free drug, the AUC is 7.1 mg h/mL and the

Cmax in plasma is 2.77 mg/g. In this way, the SP1049C formulation provides a 2.1-fold increase in

the AUC.

NK911 is another micelle formulation of doxorubicin and includes both chemically and physi-

cally entrapped doxorubicin within PEG-b-PAsp micelles. In its phase I trial, the administration of

the NK911 formulation at a dose of 50 mg/m2 was shown to provide a significant increase in the

half-life (t1/2) and the AUC as well as a significant decrease in the steady state volume of distri-

bution (Vss). Specifically, for doxorubicin administered to humans in NK911, the t1/2 values were

reported to be t1/2,aZ7.5 min, t1/2,bZ2.8 h, and t1/2,gZ64.2 h, and the AUC was found to be

3262.7 ng h/mL, and the Vss was 14.9 L/kg. In comparison to free doxorubicin, the t1/2 values

were reported to be t1/2,aZ2.4 min, t1/2,bZ0.8 h, and t1/2,gZ25.8 h, and the AUC was found to

be 1620.3 ng h/mL, and the Vss was 24 L/kg.82 In this way, the encapsulation of doxorubicin in the

NK911 formulation increases the AUC and plasma Cmax for this drug by 36.4 and 28.6-fold,

respectively. The change in the pharmacokinetic profile of the drug translates into changes in the

efficacy and toxicity of the encapsulated agent. Specifically, the anti-tumor activity was evaluated

in four tumor xenograft models in mice, namely, Colon 26, M5076, P388, and Lu-24. For the

groups of animals receiving treatment with the micelle-formulated drug, a significant percentage of

mice bearing colon 26 and MX-1 tumors were cured, whereas no cures were found for mice who

received the same dose of free doxorubicin. Moreover, in all tumor models, treatment with the free

drug resulted in more severe toxicity than that observed in animals receiving even the highest dose

of NK911.

17.5.3.2 Paclitaxel Formulations (Genexol-PM and NK105)

Similar to doxorubicin, there are two promising formulations of paclitaxel that are under clinical

trial evaluation: Genexol-PM and NK105. The main pharmacokinetic parameters of paclitaxel

administered as Genexol-PM at a dose of 135 mg/m2 are 5473 ng h/mL for the AUC and 12.7 h

for the t1/2b; whereas for paclitaxel administered as Taxolw, the AUC is 9307.5 ng h/mL, and the

t1/2Z20.1 h.90,149 In this way, the Genexol-PM formulation does not improve the pharmacokinetic

profile of paclitaxel in vivo; therefore, the micelles in this formulation function primarily as

solubilizers. In fact, it has been found that the drug is released quite rapidly from the PEG-b-

PDLLA micelles following administration. However, as a result of the low toxicity of the micelles

in comparison to Cremophor EL (the primary excipient in Taxolw), the advantage of this formu-

lation is the significant improvement in the maximum tolerated dose (i.e., MTDZ390 mg/m2)

when compared to the MTD of paclitaxel administered as Taxolw (i.e., 135–200 mg/m2).90,149

In this case, the increase in the MTD is attributed to the biocompatibility or non-toxicity of the
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PEG-b-PDLLA copolymers. Therefore, an improvement in the anti-cancer efficacy may be

expected because of the higher dose of paclitaxel that may be administered when given as the

Genexol-PM formulation.

NK105 is a micelle formulation of paclitaxel wherein the micelles have been shown to perform

as true carriers. The NK105 micelles are formed from copolymers with PEG as the hydrophilic

block and modified PAsp as the core-forming block. The PAsp block is conjugated with 4-phenyl-

1-butanol as a means to increase the compatibility between the micelle core and paclitaxel. Pacli-

taxel administered in the NK105 formulation has been shown to have a much longer circulation

lifetime than paclitaxel administered as Taxolw. Specifically, the AUC for paclitaxel was increased

by 50–86-fold and the t1/2 was increased 4–6 times for the NK105 formulation in comparison to

paclitaxel administered as Taxolw.99 In addition, the therapeutic efficacy of NK105 and Taxolw

formulations were investigated in an HT-29 colon cancer xenograft model in nude mice. The

NK105 formulation was found to exhibit statistically superior anti-tumor activity in comparison

to Taxolw. The anti-tumor activity of NK105 administered at a paclitaxel-equivalent dose of 25 mg/

kg was comparable to that obtained following the administration of Taxolw at a paclitaxel dose of

100 mg/kg. In addition, all tumors disappeared in the NK105 treatment group following one dose of

100 mg/kg, and all mice remained tumor-free for the 33-day duration of the study. This significant

improvement in the anti-cancer activity of paclitaxel following encapsulation in this micelle system

may be attributed to the ability of the NK105 micelles to function as true drug carriers.
17.6 EVOLUTION OF POLYMERIC MICELLES

Recently, much effort has been devoted to increasing drug accumulation at diseased sites. Advances

in synthetic chemistry and a more comprehensive understanding of biological systems have facili-

tated the development of smart micelle systems that are capable of targeting drugs to specific tissues

or cellular organelles. Through chemical modification, conventional micelles may be designed to

deliver to and/or release drugs at a specific site of interest by active targeting or

external stimulation.

17.6.1 TRIGGERED STIMULATION OF DRUG ACTIVATION OR RELEASE

Following administration of drug-loaded micelles, external stimuli may be locally applied at the

tumor in order to release or activate the drug. This type of drug delivery mechanism may ensure a

more accurate temporal and spatial accumulation of drugs in the tumor as well as reduce toxicity to

other tissues. In this way, localized drug delivery may be achieved in a non-invasive manner using

external stimuli such as ultrasound, heat, and light.
17.6.1.1 Ultrasonic Irradiation

The application of ultrasonic irradiation at tumor sites has been found to be effective in enhancing

the accumulation of drugs in tumor cells and has resulted in improved therapeutic efficacy. The use

of ultrasonic irradiation for micelle-based chemotherapy can be optimized by varying many factors

including the sonication frequency, the types of waves applied, the time between drug injection and

the application of ultrasound as well as the physico-chemical properties of the micelles.150,151

Micelle properties such as the hydrophobicity and state of the micelle core were found to be the

most influential in increasing drug uptake in tumor cells upon ultrasonic irradiation.79,128,152

To date, several mechanisms have been proposed for enhancing tumor cell uptake of micelle-

formulated drugs via ultrasonic irradiation. It had been suggested that ultrasound promotes extra-

vasation of drug-loaded carriers because of increased vasculature permeability.79 However, a recent

in vivo study revealed that the application of ultrasound does not enhance extravasation of micelles.

Rather, the enhanced drug accumulation in tumor cells requires initial accumulation of drug-loaded
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micelles in the tumor interstitium via the enhanced permeability and retention (EPR) effect.150 This

indicates that the ultrasonic effect occurs at the cellular level and could potentially play a role in

micelle–cell interactions. In vitro studies have suggested that ultrasound does not increase the

extent of endocytosis of intact micelles.119 In fact, ultrasound has been shown to trigger drug

release as well as enhance drug uptake by increasing cell membrane permeability.119,151,152

The application of ultrasound perturbs the drug-loaded micelles, shifting the equilibrium from

micelle-encapsulated drug to free drug. In this way, the release of drugs from the micelles is

triggered.151,152 Furthermore, ultrasonication can cause reversible cell membrane disruption,

creating temporary pores in the membrane, resulting in enhanced drug diffusion into the cells

following drug release.119 This mechanism is also effective in treating multi-drug resistant

cancer cells because of the enhanced partitioning of the released drug into the intracellular compart-

ment.79,118 The percentage of drug released after ultrasonication was found to decrease with

increasing hydrophobic interactions between the drug and the micelle core.151 The use of Pluronicw

copolymers to form micelles that have liquid-like cores facilitates drug release after ultrasonication.

Nonetheless, following injection, these micelles are very unstable in vivo and may result in reduced

drug accumulation at tumor sites. PEG-conjugated distearoylphosphatidylethanolamine (DSPE)

has been added to Pluronicw micelles to improve micelle stability and was proven to be as effective

as PEG-b-PBLA micelles that have solid-like cores in ultrasound-enhanced chemotherapy.150

Interestingly, after inactivation of ultrasonication, the released drug is re-encapsulated in the

micelles, and the intact drug-loaded micelles are capable of recirculating until they reach the

tumor again. As a result, more than a 3-fold increase in drug uptake in tumor cells is observed

in vivo, and a reduction in the accumulation of the drug in normal tissues is achieved when

compared to non-sonicated tumors.150
17.6.1.2 Thermosensitive Systems

In addition to ultrasonication, micelles can also be designed to trigger the release of drugs at the

tumors using heat as an external stimulus. Application of thermo-responsive micelles for the

treatment of solid tumors involves the use of a thermosensitive polymer as the micelle-building

block and the local administration of heat at the tumor site. Thermo-responsive copolymers

including poly(N-isopropylacrylamide-b-D,L-lactide) (PIPAAm-b-PDLLA), poly(N-isopropylacry-

lamide-b-(butyl methacrylate)) (PIPAAm-b-PBMA), poly(N-isopropylacrylamide-co-N,N-

dimethylacrylamide)-b-poly(D,L-lactide-co-glycolide) (P(IPAAm-co-DMAAm)-b-PLGA) have

been used for the preparation of thermo-responsive micelles.122,153–155 These micelles undergo

reversible structural changes that facilitate drug release above the lower critical solution tempera-

ture (LCST) of the thermosensitive polymer. In the case of PIPAAm micelles, dehydration of the

outer shells of the micelles also occurs above the LCST, resulting in the enhanced adsorption of

drug-loaded micelles to cells via increased hydrophobic interactions.155–157

Okano’s group developed a thermo-responsive, doxorubicin-loaded micelle system with an

LCST of 328C. By toggling the temperature below and above the LCST, the release of doxorubicin

may be switched reversibly between an on and off state. At temperatures above the LCST, doxor-

ubicin release is accelerated, whereas decreasing the temperature to levels below the LCST results

in minimal drug release.155 This effect is also influenced by the state of the micelle core in addition

to the thermosensitivity of the PIPAAm outer shells. For instance, micelles that are formed from

copolymers with liquid-like cores (e.g., TgZ208C for PBMA) are more sensitive to thermal

triggered drug release than micelles with solid-like cores (e.g., TgZ1008C for polystyrene (PS))

at temperatures above the LCST. As a result, the doxorubicin-loaded PPIAAm-b-PBMA micelles

were three times more cytotoxic than the PPIAAm-b-PS micelles above the LCST mainly as a

result of their distinct doxorubicin release profiles. At temperatures below the LCST, both systems

exhibited almost no cytotoxicity.153
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For in vivo delivery, the LCST of the thermo-responsive micelles should be several degrees

above physiological temperature (i.e., LCSTO378C).157 The LCST can be manipulated by fine-

tuning the hydrophilicity of the PIPAAm segment. The addition of hydrophilic groups to the

PIPAAm polymer can elevate the LCST of the micelles formed.122,155–158 For example, Liu et

al. reported that by adding hydrophilic DMAAm to the PIPAAm segment, the P(IPAAm-co-

DMAAm)-b-PLGA micelles have an LCST of approximately 398C. As a result, the doxorubici-

n-loaded P(IPAAm-co-DMAAm)-b-PLGA micelles have been shown to be more potent in the 4T1

mouse breast cancer cells at 39.58C (IC50Z3.1 mg/L) than at 378C (IC50Z7.9 mg/L).122 There-

fore, heat-activated drug release in tumors (above 378C) can reduce the possible toxicity associated

with the drug in healthy tissues (at 378C).
17.6.1.3 Photodynamic Therapy

In photodynamic therapy (PDT), light is used to activate the drug (a photosensitizer) at diseased

sites. Initially, PDT was used for the treatment of superficial tumors such as skin cancer. Recent

improvements in the technology have allowed for the treatment of deep tumors such as lung

cancers.159 The tumor area is exposed to light of a specific wavelength that activates the drug,

leading to the destruction of tumor cells and proximal tumor vasculature via the production of

reactive oxygen species or by other mechanisms.160,161 In order for the PDT agents to be effective

in destroying tumor cells, it is necessary that there is no aggregation of the drug. However, in

aqueous media, the hydrophobic photosensitizers tend to aggregate, resulting in reduced potency.

Pluronicw micelles were reported to be able to solubilize benzoporphyrin while avoiding drug

aggregation in the micelle core, implying that the potency of the photosensitizer was maintained.162

In this way, polymeric micelles become an attractive alternative for the solubilization and delivery

of photosensitizers.

Kataoka’s group has developed polyion complex (PIC) micelles based on anionic copolymers

(PEG-b-poly(L-lysine) or PEG-b-PAsp) for the encapsulation of a polycationic photosensitizer.

These micelles are stabilized by electrostatic interactions, and the micelles are pH-responsive,

allowing intratumoral drug release or intracellular endosomal escape.160,162,163 The photosensi-

tizer-loaded PIC micelles showed no skin phototoxicity in rats upon exposure to broadband visible

light, and severe skin phototoxicity was observed with the administration of Photofrinw (a currently

approved PDT drug formulated in 0.9% sodium chloride).164 The photosensitizer-loaded PIC

micelles were also shown to exhibit enhanced efficacy and reduced toxicity in the Lewis lung

carcinoma (LLC) cell line in comparison to free photosensitizer.160

It has also been reported that the subcellular localization of the photosensitizer influences its

efficacy. Leroux’s group has developed pH-sensitive aluminum chloride pthalocyanine (AICIPc)-

loaded N-isopropylacrylamide copolymer micelles for treatment against EMT-6 tumors in vivo.

The tumor accumulation of the micelle-formulated drug is lower than that of AICIPc dissolved in

Cremophor EL. However, the copolymer micelle formulation has been shown to have enhanced

therapeutic efficacy that is most likely attributed to an increase in the cytoplasmic accumulation of

the drug.165,166 In many cases, the accumulation of photosensitizer at the mitochondria has been

found to be the most efficacious.161,167 Therefore, the use of pH-responsive polymeric micelles for

PDT could enhance drug accumulation in the mitochondria following endosomal/lysosomal escape

of the micelles. In the future, the design of polymeric micelles for use in PDT will likely be aimed at

improving tumor and subcellular localization by fine-tuning the copolymer composition in order to

achieve active targeting.
17.6.2 ACTIVE TARGETING

The phenomenon of active targeting of micellar delivery vehicles loaded with drugs implies that the

micelles can accumulate at the targeted cells or tissues without external stimuli via specific sensing
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FIGURE 17.7 (See color insert following page 522.) Confocal fluorescence microscopy image of epidermal

growth factor receptor (EGFR)-overexpressed breast cancer cells (MDA-MB-468) following incubation with

EGF-conjugated poly(ethylene glycol)-block-poly(d-valerolactone) micelles (as shown in red) for 2 h at 378C.

The cell nuclei are stained with Hoechst 33258 (blue). The EGF-conjugated micelles mainly localized at the

perinuclear region as well as within the nucleus as shown by the white arrows.
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mechanisms that are integrated into the carriers. The carriers can be engineered by means of ligand

coupling or addition of pH-sensitive moieties according to the biological characteristics of the

diseased site. In particular, many cancers are associated with over expression of certain cell surface

receptors and acidosis at the tumor sites.
17.6.2.1 Ligand Coupling

It has been demonstrated that ligand-conjugated drug carriers can selectively and efficiently

accumulate in target cells.168–172 The addition of biomolecules to the surface of micelles enables

the drug-loaded micelles to enter the cells via receptor-mediated endocytosis as shown in

Figure 17.5. Through the highly specific binding affinity between the ligand–receptor complex,

the attachment of ligands to micelles surface allows for targeted drug delivery to specific cells that

express the corresponding cell surface receptors. In particular, many types of cancer cells express a

higher-than-normal level of cell surface receptors that have binding affinities for growth-dependent

molecules as a result of their rapid growth rate.173 Ligands such as sugar moieties,174–177 trans-

ferrin,178–180 folate,78,95,181 epidermal growth factor (EGF),115,167,178 and antibody fragments182

have been attached to the surface of copolymer micelles to target different types of cancers.

Kabanov’s group was one of the first to apply the ligand coupling concept to micellar drug

delivery systems. The authors demonstrated that by chemically conjugating a2-glycoprotein, a

ligand that targets brain glial cells, to FITC-containing Pluronicw micelles, the accumulation of

FITC in brain tissues was increased and clearance of FITC by the lung was decreased in comparison

to delivery using conventional Pluronicw micelles.126,183 Recently, another ligand, folate, was

conjugated to PEG-b-PLGA micelle system for targeting folate receptor over expressing

cancers. The doxorubicin-loaded folate-PEG-b-PLGA micelles were found to enhance the intra-

cellular accumulation of doxorubicin and resulted in a lower IC50 in folate receptor overexpressing

KB epidermal carcinoma cells. In vivo studies revealed that treatment with doxorubicin-loaded

folate-PEG-b-PLGA micelles resulted in a high suppression of tumor growth.78
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In cases where nuclear targeting is desired, ligands such as EGF and the HIV-1 TAT peptide

that have nuclear translocation properties, may be employed.6,115,184 Zeng et al. reported on an

EGF-conjugated PEG-b-poly(d-valerolactone) (PEG-b-PVL) micelle system that targets EGFR-

over expressing breast cancers. The EGF-PEG-b-PVL micelles were shown to mainly localize in

the perinuclear region and in the nucleus of MDA-MB-468 breast cancer cells as shown in

Figure 17.7.115 Nuclear targeting is critical for the delivery of anti-cancer drugs and oligonucleo-

tides whose site of action is located in the nucleus. Wagner’s group has developed EGF- and

transferrin-conjugated PEG-b-poly(ethylenimine) (PEG-b-PEI) micelle systems for gene delivery

to tumor tissues.178,180,185,186 Molecules such as oligonucleotides are more susceptible to

degradation in the endosomal or lysosomal compartments; therefore, pH-responsive micelles

that are capable of destabilizing the endosomal or lysosomal membranes could potentially

improve the therapeutic effect of these molecules.
17.6.2.2 pH-Responsive Systems

The pH where drug release is triggered can be adjusted by varying the pH-sensitive moiety

incorporated in the copolymer.158,187 In this way, the pH phase transition of a micelle system

can be designed to suit targets that have different pH values. For instance, micelles that are

stable at pHw2 and are disrupted at pHO7.2 may be suitable for oral delivery of hydrophobic

drugs. As an example, a 10-fold increase in the bioavailability of fenofibrate formulated in pH-re-

sponsive micelles was reported.188 In the case of tumor targeting, micelles with a phase transition of

approximately pH 7.0 could be beneficial as tumor tissues are known to be slightly more acidic

(mean pH 7.0) than normal tissues (pH 7.4).187,189,190 If subcellular targeting is desired, cytoplasmic

accumulation of drugs can be enhanced by utilizing micelles that are responsive to pH values

ranging from 5.0 to 6.0 (endosomal/lysosomal pH).187,191,192

pH-responsive micelles have also been developed by conjugating drugs to the hydrophobic

blocks of copolymers using pH-sensitive linkages. For instance, doxorubicin can be conjugated to

PEG-b-P(Asp) copolymers via a hydrazone linkage. The micelles formed from this copolymer were

found to be extracellularly stable, and they provided selective release of doxorubicin in the endo-

somes where the pH ranges from 5.0 to 6.0. The released drug was found to first localize in the

cytoplasm and eventually in the nucleus. The pH-responsive doxorubicin micelles were also shown

to be capable of infiltrating avascular multicellular tumor spheroids in a uniform manner. Further-

more, the micelles were effective in suppressing tumor growth in a murine C26 colon tumor model

and increased the MTD by more than 2.5 times because of their secure drug encapsulation.191,192

Another approach to develop pH-responsive micelles is to disrupt micelle formation in the

acidic environment by introducing titrable groups into the copolymer.187 Leroux’s group intro-

duced a hydrophilic titrable monomer (methacrylic acid or MAA) into the poly(N-

isopropylacrylamide)-co-octadecyl acrylate (poly(NIPA)-co-ODA) copolymer to form pH-respon-

sive micelles for PDT.158 These micelles were found to undergo a pH phase transition and structural

changes in the micelle core at a pH of approximately 5.8. The enhanced cytotoxicity of the AICIPc-

loaded poly(NIPA)-co-ODA-co-MAA micelles were found to be highly dependent on the pH-gra-

dient between the cytoplasm and the endosomal/lysosomal compartments.158

Bae and co-workers have developed several pH-responsive micelle systems by using poly

(L-histidine) (polyHis) as the pH-sensitive moiety. The CMC of the PEG-b-polyHis copolymer

was found to increase as the pH of the media was decreased with an abrupt increase in the CMC

occurring at a pH of 7.2. Therefore, with the appropriate alteration in pH, these micelles become

thermodynamically unstable and dissociate, resulting in the release of their contents.193 Doxoru-

bicin-loaded PEG-b-polyHis micelles were shown to result in a significant increase in the in vitro

intracellular accumulation of drug, in vivo tumor localization of drug, and tumor growth inhibition

in the A2780 ovarian tumor model via extracellular pH-dependent targeting of the tumor.194 The

addition of polyHis to PEG-b-PDLLA further reduces the pH phase transition of the micelles to the
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range of 6.6–7.2. These micelles were further modified with ligand coupling to achieve a double-

targeting effect.181,190 For example, Lee et al. prepared polyHis-b-PEG-b-PDLLA mixed micelles

with biotin as the targeting ligand. Biotin is protected by the PEG shell at pHO7.0 and is exposed

on the surface of micelles when the pH is decreased to 6.5–7.0 (extracellular tumor pH). As the pH

is further reduced to less than 6.5 (endosomal pH), the micelles destabilize, triggering drug release

and disrupting endosomal membranes via the proton-sponge effect.190 In the future, it is anticipated

that combinations of sensing mechanisms will be used to improve the effectiveness of micellar-drug

targeting to the site of interest.
17.7 FUTURE PERSPECTIVES

The field of block copolymer micelles for drug delivery is rapidly expanding and has great potential

in cancer therapeutics. Although there are four promising polymeric micelle formulations currently

in clinical trial development, many preclinical fundamental studies are on-going in order to fully

exploit the use of block copolymer micelles for drug delivery. The advances in synthetic polymer

science continue to provide new biodegradable and biocompatible polymers that can be tailored and

designed for the challenges that anti-cancer drug delivery continues to face. By enhancing the

compatibility between the copolymer and the drug, block copolymer micelles have emerged as true

carriers rather than solubilizers for pharmaceutical agents. The mechanisms of loading and release of

drugs from micelles are being elucidated and will provide a greater understanding of the

relationships between the physico-chemical properties of micelles and their invivo performance.

In the future, multiple targeting mechanisms may be integrated into one micelle system to fully

exploit the use of polymeric micelle as delivery vehicles for anti-cancer drugs.
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18.1 INTRODUCTION

Polymeric micelles are core/shell structures formed through the self-assembly of amphiphilic block

copolymers. The nanoscopic dimension as well as unique properties offered by separated core and

shell domains in the structure of polymeric micelles has made them one of the most promising

carriers for passive or active drug targeting in cancer. The nanoscopic size of polymeric micelles

makes the carrier unrecognizable by the phagocytic cells of the reticuloendothelial system (RES),

elongating their blood circulation, and facilitating the carrier’s extravasation from tumor vascula-

ture. The small size of polymeric micelles is also expected to ease penetration of the carrier within

the tumor tissue and further internalization of polymeric micelles into the tumor cells. Hydrophobic

core of polymeric micelles provides an excellent host for the incorporation and stabilization of anti-

cancer agents that are mostly hydrophobic. Steric effect induced by the dense hydrophilic brush on

the micellar surface protects the carrier against attachment of proteins on the micellar surface,

avoiding early uptake and clearance of the carrier by RES leading to prolonged circulation time and

higher accumulation of the carrier and the encapsulated drug in selective tissues that have leaky

vasculature (e.g., tumor or inflammation sites). Polymeric micelles have been the focus of several

reviews in recent years.1–11

Among different micelle-forming block copolymers developed to date, those with poly(ethy-

lene oxide) (PEO) as the shell-forming block and poly(L-amino acid)s (PLAA)s and poly(ester)s as

the core-forming block are in the front line of drug development. The placement is owed to the

biocompatibility of the PEO and biodegradability of PLAA and poly(ester) structures. The primary

advantage of PEO-b-PLAA block copolymers over PEO-b-poly(esters) is the chemical flexibility of

the PLAA structure that makes nano-engineering of the carrier a feasible approach.4 To date,

research on PEO-b-PLAA for drug delivery has been mainly conducted on amino acids with

functional side groups in their chemical structure, including L-aspartic acid, L-glutamic acid,

L-lysine, and L-histidine. The presence of free functional side groups on the PLAA block provide

sites for the attachment of drugs, drug compatible moieties, or charged therapeutics such as DNA.

Moreover, a systemic alteration in the structure of the core-forming block also may be used to better

control the extent of drug loading, release, or activation.

Chemical modifications in the structure of the PLAA block have led to the development of

optimal PEO-b-PLAA-based polymeric micellar formulation for the delivery of a number of potent

therapeutic agents, such as doxorubicin (DOX),12–23 paclitaxel (PTX),24 cisplatin (CDDP),25–32

amphotericin B (AmB),33–41 etc. To this point, three PEO-b-PLAA-based polymeric micellar

formulations (all for the solubilization and delivery of anti-cancer agents) have successfully

passed the phase of bench-top development and advanced to the stage of clinical evaluations

(Table 18.1).23,24,32 This chapter provides an overview on the preparation; micellar properties

and biological performance of PEO-modified PLAA- based polymeric micellar formulations.

Emphasis has been placed on the application of PEO-b-PLAA- micelles for the targeted delivery

of anti-cancer agents. At the end, new advancements in the field, including a second generation of

PEO-b-PLAA micelles (polymeric micelles for active targeting) and development of PEO-b-PLAA

micelles for gene delivery are briefly discussed.
18.2 SYNTHESIS OF PEO-b-PLAA BLOCK COPOLYMERS

The traditional method for the synthesis of PLAA relies on the ring-opening polymerization (ROP)

of a-amino acid-N-carboxyanhydrides (NCAs) (Figure 18.1).42 NCAs can be pre-prepared from

a-amino acids using a solution of phosgene in THF by the Fuchs–Farthing method.43,44 NCA

polymerization can be initiated with different nucleophiles or bases, the most common being

primary amines and alkoxide anions.45–48 This synthetic method is appealing to the pharmaceutical

industry because it involves simple reagents, and it is economical; high molecular weight polymers

can be prepared in both good yield and large quantity by this method.
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TABLE 18.1
Most Common PEO-Modified PLAA Micelles Investigated for Drug Delivery

Drug Incorporation
Method PLAA Block Incorporated Drug

Latest Reported
Phase of Progress References

Chemical conjugationa P(Lys) Cyclophosphamid

sulfide

Development 96

P(Asp) Doxorubicin Development 12, 18, 22, 98, 100

PHEA Methotrexate Development 33, 87, 90

Physical encapsulationb PBLA Doxorubicin Development 13, 94, 95

P(Asp)-DOX Doxorubicin Clinical trials phase II 12, 17, 21, 23, 100

PBLG Doxorubicin Development 133

PPBA Paclitaxel Clinical trials phase I 24

PBL-C16(Asp) KRN-5500 Development 65, 110

PBLA Camptothecin Development 113

P(n-butyl-L-Asp) Camptothecin Development 113

P(lauryl-L-Asp) Camptothecin Development 113

P(methylnaphtyl-L-

Asp)

Camptothecin Development 113

PBLA Amphotericin B Development 40, 41

PHSA Amphotericin B Development 33–39

PBLA Indomethacin Development 64

Electrostatic complexationc P(Asp) Cisplatin Development 27, 30, 31

P(Glu) Cisplatin Clinical trials phase I 29, 32

a Most common chemical structures shown in Figure 18.5.
b Most common chemical structures shown in Figure 18.6.
c Most common chemical structures shown in Figure 18.7.
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For the synthesis of PEO-b-PLAA block copolymers, a-methoxy-u-amino PEO has been used

as the initiator. Synthesis of PEO-b-poly(b-benzyl-L-aspartate) (PEO-b-PBLA) and PEO-b-poly[3-

(benzyloxycarbonyl)-L-lysine] (PEO-b-PBLL) from polymerization of b-benzyl-L-aspartate-N-

carboxyanhydride (BLA–NCA) and N-carboxyanhydride of 3-(benzyloxycarbonyl)-L-lysine

(BLL–NCA), respectively, using a-methoxy-u-amino PEO as initiator has been reported.49

When primary amines are used as initiators, the NCA polymerization may proceed by two different

mechanisms: amine mechanism and activated monomer (AM) mechanism (Figure 18.2A and

Figure 18.2B).48,50 The amine mechanism is a nucleophilic ring-opening chain-growth process

where the polymer linearly grows with monomer conversion (Figure 18.2A). In the AM

mechanism, NCA will be deprotonated, forming a nucleophile that initiates chain growth

(Figure 18.2B). Polymerization by the AM mechanism may lead to side reactions. Besides, the

initiator will not be part of the final product. In a given polymerization process, the system can
R CH C

NH2

OH

O H
N

C

O
C

CH

O

R
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or base

H
N

R

O

n
COCl2
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FIGURE 18.1 General scheme for the synthesis of PEO-b-PLAA-based block copolymers by ring-opening

polymerization of a-amino acid-N-carboxyanhydrides (NCAs).
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alternate between the amine and AM mechanisms. Because a propagation step for one mechanism

is a side reaction for the other and vice versa, block copolymers prepared from the NCA method

using amine initiators have structures different from those predicted by monomer feed compositions

and, most likely, have considerable homopolymer contamination.

To avoid side reactions, transition metal initiators have been developed51–55 that use transition

metal complexes as the end groups to control the addition of each NCA monomer to the polymer

chain ends. However, the presence of chain-transfer reactions prevents the preparation of high

molecular weight PLAAs by this process.

Living polymerization is a relatively novel method to prepare PLAA that has been developed to

overcome the mentioned limitations of existing methods (Figure 18.3).56–58 In this method, the

transition metal initiator activates the monomers and forms covalent active species that permit the

formation of polypeptides via the living polymerization of NCAs. The metals react identically with

NCA monomers to form metallacyclic complexes by oxidative addition across the anhydride bond

of NCA. The AB diblock, PEO-b-poly(L-lysine) (PEO-b-P(L-Lys)), ABA triblock, poly(g-benzyl-

L-glutamate)-b-PEO-b-poly(g-benzyl-L-glutamate) (PBLG-b-PEO-b-PBLG) copolymers, and

diblock copolymers of poly(methyl acrylate)-b-(PBLG) of high molecular weights have been

synthesized by living polymerization mechanism.50,56,59

Alternatively, PEO can be coupled to PLAA after the polymerization of PLAA. For instance,

poly(L-histidine) (P(L-His)) has been synthesized by base-initiated ROP of protected NCA of L-His

and coupled to carboxylated PEO to form PEO-b-P(L-His) via an amide linkage using dicyclohexyl

carbodiimide (DCC) and N-hydroxysuccinimide (NHS).60
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PEO-co-P(L-aspartic acid) (PEO-co-P(L-Asp))-bearing amine groups on the P(L-Asp) block

have been synthesized by the melt polycondensation of N-(benzyloxycarbonyl)-L-aspartic acid

anhydride (N-CBZ-L-ASP anhydride) and low molecular weight PEO. The product was an alter-

nating copolymer having reactive amine groups on the P(L-Asp) residue. The backbone was linked

by ester bond that is more biodegradable than the amide bond between PEO and P(L-Asp).61

Preparation of micelle-forming PEO-b-PLAA-based block copolymers with poly(leucine),

poly(tyrosine), poly(phenylalanine) (PPA), and a composition peptide, i.e., poly(phenylalanine-

co-leucine-co-tyrosin-co-tryptophan) P(FLYW), as the core forming block through solid phase

peptide synthesis has also been reported.62 Methoxy PEO-b-PLAA dendrimers have also been

prepared by the liquid phase peptide synthesis and used in drug delivery.63
18.3 MICELLIZATION OF PEO-b-PLAA BLOCK COPOLYMERS

Assembly of micelle-forming PEO-b-PLAA block copolymers through one of the following

methods has been reported.
q 2006 by Taylor & Francis Group, LLC



Nanotechnology for Cancer Therapy362
18.3.1 DIALYSIS METHOD

In this method, block copolymer is dissolved in a water miscible organic solvent first. Then, this

solution is dialyzed against water. The semi-permeable membrane keeps the micelles inside the

dialysis bag, but it allows removal of organic solvent. Gradual replacement of the organic solvent

with water, i.e., the non-solvent for the core-forming block, triggers self-association of block

copolymers (Figure 18.4A).13,35,40,64,65
18.3.2 SOLVENT EVAPORATION METHOD

In this process, the polymer is dissolved in a volatile organic solvent. The organic solvent is then

removed completely by evaporation (usually under reduced pressure), leading to the formation of

polymer films. Next, this film is reconstituted in an aqueous phase by vigorous shaking.36,66 The

solvent evaporation method of micellization cannot be utilized for block copolymers having large

hydrophobic segments because the polymer film cannot be reconstituted easily in an aqueous phase

for those structures (Figure 18.4B).
18.3.3 CO-SOLVENT EVAPORATION METHOD

In this approach, polymer is dissolved in a volatile water miscible organic solvent such as methanol.

Then self-assembly is triggered by the gradual addition of aqueous phase (non-solvent for the core-

forming block) to the organic phase. This step is followed by the evaporation of the organic

co-solvent (Figure 18.4C).33,34
Gradual
mixing with

water Solvent
evaporation/film

formation

Polymer is dissolved
in the organic solvent

Gradual displacement of
organic solvent with water

through dialysis

(A)

(B)

(C)

FIGURE 18.4 Micellization of PEO-b-PLAA-based block copolymers through (A) dialysis, (B) solvent

evaporation, and (C) co-solvent evaporation methods.
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18.4 RATIONAL DESIGN AND FUNCTIONAL PROPERTIES OF PEO-b-PLAA

MICELLES IN DRUG DELIVERY

18.4.1 THE PEO SHELL

PEO has a safe history of application as a pharmaceutical ingredient for the design of non-immuno-

genic peptides, carriers, or biomedical surfaces.67,68 In PEO-b-PLAA, the presence of hydrophilic

PEO chains introduces amphiphilicity, leading to the self-assembly of block copolymer and forma-

tion of association colloids. The PEO shell is expected to induce steric repulsive forces and to

stabilize the colloidal interface against aggregation or absorption of proteins to the carrier as

well.10,69–71 As a result, the colloidal carrier will stay within the appropriate size range and

surface properties that can avoid uptake by RES. A major barrier against targeted tumor delivery

by colloidal carriers is the non-specific uptake and clearance of the carrier from the blood stream by

RES. Avoiding RES will prolong the circulation of polymeric micelles in blood, providing more

chance for the extravasation of the carrier at sites with leaky vasculature (e.g., solid tumors).

The extent of steric stabilization is found to be dependent on the length and density of the PEO

chain on the surface of colloidal carriers.20,72–74 Elongation of the PEO chain or an increase in the

aggregation number of PEO-b-PLAA micelles may lead to the reduced chance of micellar aggre-

gation and longer circulation time in blood and a higher probability of passive targeting to the tumor

site for polymeric micelles.10 The same parameter may reduce the adherence and interaction of the

polymeric micelles with target cells.75

18.4.2 THE PLAA CORE

Chemical flexibility of the PLAA structure as the core-forming block is the primary advantage of

the PEO-b-PLAA-based polymeric micelles. Existence of several functional groups on a PLAA

block provides a number of sites for the attachment of drugs, drug compatible moieties, or charged

therapeutics to a single polymeric backbone in micelle-forming PEO-b-PLAA block copolymers.

This may lead to a lower dose of administration for drugs that are chemically conjugated to the

PLAA block of PEO-b-PLAA. On the other hand, the diversity of functional groups in a PLAA

chain (amino, hydroxyl, and carboxylic groups) allows conjugation of different chemical entities to

the polymeric backbone and provides an opportunity for the design of polyion complex and/or pH

responsive polymeric micelles. Finally, through changes in the chemical structure of the PLAA

block, it will also be possible to fine tune the structure of PEO-b-PLAA micelles to achieve optimal

properties for drug targeting.4 From a pharmaceutical point of view, PEO-b-PLAA micelles are

considered advantageous over PEO-b-poly(ester)s because they can easily be reconstituted after

freeze–drying and do not need lyoprotection.

The most effort for the production of PEO-b-PLAA micellar delivery systems has been focused

on the application of P(L-Asp), poly(L-glutamic acid) (P(L-Glu)), and P(L-Lys)-based polymers

(Table 18.1, Figure 18.5 through 18.7). This is owed to the presence of free carboxyl and amino

groups that makes these structures useful for the chemical conjugation and electrostatic complexa-

tion of drugs and DNA to the PLAA block.76

A major concern for the application of PLAA-based pharmaceuticals is the possibility of immu-

nogenic reactions and long-term accumulation and toxicity by these agents. Unfortunately, the

information on the biocompatibility and biodegradability of PLAAs is limited.77,78 Nevertheless,

the results of ongoing clinical trials in Japan on PEO–PLAA-based micelles for the delivery of DOX,

PTX, and CDDP is expected to provide more information on the safety of these structures.

18.4.3 MICELLAR DIMENSIONS

PEO-b-PLAA micelles developed to date are mostly in a diameter range of 10–100 nm.79 At this

specific size range, PEO-b-PLAA micelles are expected to be big enough to avoid glomerular
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filtration and elimination by kidney and sufficiently small to escape RES clearance.80,81 As a result,

polymeric micelles may stay in circulation in the blood for prolonged periods, decreasing the

clearance (CL), and volume of distribution (Vd), but increasing the area under the plasma concen-

tration versus time curve (AUC) of the encapsulated drug if the drug stays within the carrier in

biological system. This change in the pharmacokinetic profile may allow for a reduction in the dose

of administration and/or decreased toxicity for the incorporated drug.

Carriers of less than 200 nm with prolonged blood circulation properties are shown to passively

accumulate in solid tumors.82 The new blood vessels in the tumor, formed to provide access to

nutrients and oxygen, are usually poorly made and have large gaps (150–730 nm) in their endo-

thelium. This allows the extravasation of nanoparticles of the appropriate size range to the

extravascular space surrounding the tumor cells.83,84 Because the lymphatic system that drains

fluids out of other organs is absent in tumors, the permeated nanocarrier is expected to become

trapped in the tumor. This phenomenon, known as the enhanced permeation and retention (EPR)

effect, is believed to be the reason for the passive accumulation of colloidal carriers (e.g., lipo-

somes, polymerosomes, and polymeric micelles) in solid tumors.85,86 The polymeric micelles’

smaller size compared to other colloidal carriers is expected to ease further penetration of the

delivery system inside the dense environment of solid tumors. Other advantages associated with

the small dimensions of polymeric micelles include the ease of sterilization via filtration and safety

of administration.
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The downside of polymeric micelles’ smaller size is the restricted space for drug encapsulation

in the carrier. Second, this provides a limitation in the polymeric micelles’ ability for a sustained

drug release because of a large total surface area, and finally, it allows for possible carrier accumu-

lation in normal tissues bearing leaky vasculature such as the liver. Chemical engineering of the

core structure in PEO-b-PLAA micelles may be used to modify the final dimensions of the carrier to

an optimum scale so the polymeric micellar carrier can avoid each of these problems. Elongation of
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the PLAA block and an increase in the level of substitution or the length of the side chain have

shown an increasing effect on the final size of the prepared polymeric micelle.34,37,87
18.4.4 MICELLAR STABILITY

Thermodynamically and kinetically stable polymeric micellar structures may retain their integrity

in a biological environment for longer periods and, more effectively, avoid uptake by RES and

elimination through the kidney and possibly change the normal organ distribution of the encapsu-

lated drug the same way. PEO-b-PLAA block copolymers are reported to be thermodynamically

stable and characterized by very low critical micellar concentrations (CMC) in mM range.37,87,88

Therefore, even after intravenous application and dilution in blood, PEO-b-PLAA micelles may

still stay above CMC and in a micellar form. The chemical structure of the PLAA core may be

modified toward more hydrophobicity to push the CMC to even lower values.35,37

Formation of hydrophobic, electrostatic, and hydrogen bonds in the core of PEO-b-PLAA

micelles after assembly of block copolymers makes the micellar structure kinetically stable. As

a result, polymeric micelles may not necessarily exist in equilibrium with polymeric unimers above

CMC, and their dissociation will be very slow below CMC. The degree of kinetic stability is

suggested to be high, especially for block copolymer structure with stiff or bulky core-forming

blocks. Cross-linking of the core structure may enhance the kinetic stability of polymeric micelles

as well.89

Currently, there has been no report on the development of experimental tools that can assess

directly the in vivo stability of micellar structures. Instead, micellar stability is assessed indirectly

through in vitro drug release and micellar dissociation studies under diluting condition of gel

permeation chromatography (GPC). For instance, the stability of methotrexate (MTX) esters of

PEO-block-poly(2-hydroxyethyl-L-aspartamide) (PEO-b-PHEA) (Figure 18.5) was investigated by

GPC, in vitro. At high drug conjugation levels, MTX conjugate micelles were shown to be quite
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stable and entirely elute as micelles during GPC. Likewise, the level of stearic acid substitution in

micelles of PEO-block-poly(N-hexyl stearate-L-aspartamide) (PEO-b-PHSA) (Figure 18.6) was

shown to influence micellar stability during in vitro studies.87 A comparison between the pharma-

cokinetics and biodistribution of polymeric micellar carrier-encapsulated drug and free drug (or

commercially available solubilized form of the drug) in animal models has provided an indirect

measure for the evaluation of the carrier’s in vivo stability. For example, the presence of DOX

dimers in PEO-b-P(Asp)-based formulation of DOX has been found to improve the pharmacoki-

netic and biodistribution profile of DOX for passive targeting. This effect has been attributed to the

stabilization of the micellar formulation by DOX dimmers.17 A similar effect is observed for CDDP

polymeric micellar formulations when the structure of the core-forming block is made more

hydrophobic by changing PLAA structure from P(L-Asp) to P(L-Glu) (Figure 18.7).29
18.4.5 DRUG INCORPORATION AND RELEASE PROPERTIES

Incorporation of drugs by PEO-b-PLAA micelles has been accomplished through three different

means: chemical conjugation of drug to the PLAA block and formation of micelle-forming poly-

mer/drug conjugates; physical encapsulation of drugs in PEO-b-PLAA micelles; and formation of

an electrostatic complex between the PLAA core and charged drug followed by the self-assembly

of the polyion complex (Table 18.1, Figure 18.5 through 18.7).

Drug cleavage from the polymeric backbone by non-specific hydrolysis or enzymes is a prere-

quisite for the activity of drug-block copolymer conjugates. If the micellar structure can withstand

dissociation in a biological environment, then the hydrophobic core of polymeric micelles may

protect the degradable bonds between the polymeric backbone and drug from exposure to water and

hydrolysis. In this case, the micelle-forming block copolymer drug conjugate may prevent the

premature release of the incorporated drug in blood circulation and provide a delayed mode of

release for the cytotoxic agent that is only triggered after accumulation and uptake of the carrier by

tumor cells. The other possible scenario will be the excessive stability of the polymeric pro-drug

that may lead to the inactivity of the final product. Incorporation of hydrophilic moieties, formation

of pH sensitive bonds between polymer and drug, and changes in the molecular weight of the core-

forming block may be used to modify micellar stability and drug release properties of micelle-

forming PEO-b-PLAA-based drug conjugates.87,90,91

Generally, physical encapsulation of drugs within polymeric micelles is a more attractive

approach because many drug molecules do not bear reactive functional groups for chemical conju-

gation. In this system, formation of hydrophobic interactions or hydrogen bonds between the

micelle-forming block copolymer and physically encapsulated drug provides basis for drug solu-

bilization and stabilization within the micellar carrier. Unlike polymer–drug conjugates that may

provide a delayed release for the incorporated drug, physical encapsulation of hydrophobic drugs in

polymeric micelles usually leads to a sustained mode of drug release from the carrier. It is possible

that the drug content of physically loaded polymeric micelles is prematurely released in the blood

circulation, i.e., before the carrier reaches its target. In this case, the released drug and carrier will

follow separate paths in the biological system, and the colloidal carrier will be ineffective in terms

of drug targeting. To lower the rate of micellar dissociation, drug diffusion, and the overall rate of

drug release from the micellar carrier, the PLAA core of PEO-b-PLAA micelles may be tailored

either to bear more drug-compatible moieties, to become glassy under physiological condition

(378C), or to become cross-linked.16,33,38,39,65,89,92–94 Finally, the method of drug incorporation

in polymeric micelles also may be modified to improve the extent of drug loading, localization, or

physical state of the loaded drug providing other means for controlling the rate of drug release from

polymeric micelles.36,66,95

Polyion complex micelles can incorporate charged therapeutics through electrostatic

interactions between oppositely charged polymer/drug combinations. Neutralization of the

charge on the core-forming segment of the block copolymer will trigger self-assembly of the
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polyion complex and further stabilization of the complex within the hydrophobic environment of

the micellar core. The extent of drug release from polyion complex micelles is dependent on the

rate of drug exchange with free ions and proteins in the physiological media. The presence of ions

and proteins at high concentrations in the biological environment has been shown to lead to a

relatively fast rate of drug release and micellar instability for polyion complex micelles in vivo. In

this context, chemical manipulation of the PLAA core may be used to increase the hydrophobicity

and rigidity of the micellar core, restricting the penetration of free ions to the micellar core in

polyion complex micelles.26,29 In addition, the micellar core may be cross-linked to avoid its

dissociation.89,92,93 This may lead to a sustained or even delayed mode of drug release from

the carrier.
18.5 PEO-b-PLAA MICELLES FOR THE DELIVERY OF ANTI-CANCER DRUGS

18.5.1 CYCLOPHOSPHAMIDE

The first attempt for the design of PEO-b-PLAA-based micellar systems for targeted delivery of

anti-cancer drugs was made by Ringsdorf et al. in the 1980s.96 In this study, cyclophosphamide

(CP) sulfide and palmitic acid were attached to the P(L-Lys) block of a PEO-b-P(L-Lys). Palmitic

acid was used as a hydrophobic moiety to induce the required amphiphilicity for micelle-formation

to the block copolymer. CP is an alkylating agent that is transformed to active alkylating metab-

olites via hepatic and intracellular enzymes. The polymeric micellar formulation was found to be

efficient in the stabilization of active CP metabolite, and it caused a five-fold increase in the life

span of L1210 tumor-bearing mice even at a reduced CP-equivalent dose.

18.5.2 DOXORUBICIN

The PEO-b-PLAA-based micellar formulation of DOX was developed by Kataoka et al. in the late

1980s and early 1990s and then entered clinical trials in 2001 in Japan. In early studies, micelle-

forming PEO-b-P(L-Asp) conjugates of DOX (Figure 18.5) were synthesized and tried in different

in vitro and in vivo cancer models for their pharmacokinetics, biodistribution, toxicity, and effi-

cacy.18,22,97–100 The results of these studies pointed to a higher blood and tumor levels for PEO-b-

P(L-Asp)-DOX micelles compared to free drug, especially for micelles having longer PEO

chain lengths. A tumor/heart concentration ratio of 12, 8.1, and 0.9 was demonstrated for PEO-

b-P(L-Asp)-DOX with PEO chains of 12000, 5000 gmolK1, and free DOX, respectively, 24 h after

intravenous injection. Cardiomyopathy is the most important and dose-limiting adverse effect of

DOX. The maximum tolerable dose (MTD) of DOX was increased (almost 20-fold) by its PEO-b-

P(L-Asp) conjugate that allowed administration of higher drug levels. However, compared to free

drug, higher levels of conjugated DOX were required for an equal anti-tumor activity in vitro and

in vivo. The formulation was found to contain some un-conjugated, physically entrapped DOX that

was, in fact, responsible for the anti-tumor activity of this system.

In further studies, PEO-b-P(L-Asp)-DOX micelles were utilized as micellar nanocontainers for

the physical encapsulation of DOX.12,16,17 To delay the release of DOX unimers from the formu-

lation in a biological environment, DOX dimers were co-incorporated with DOX unimer within the

micellar core. Compared to free DOX, within 24 h, DOX encapsulated in PEO-b-P(L-Asp)-DOX

micelles showed 28.9-fold higher AUC in plasma, 3.4-fold higher tumor AUC, less toxicity, and

superior in vivo activity in solid and hematological cancers in mice. After 24 h, the pharmacoki-

netics of encapsulated and free DOX became similar, pointing to drug release from the

micellar carrier.

Because lyophilized micelles that contained DOX dimers were not reconstitutable in water after

long periods of storage, the dimer form of DOX has been removed from this formulation for clinical

trials.21,23 The physically encapsulated DOX in PEO-b-P(L-Asp)-DOX micelles, i.e., NK911,
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showed similar side effects to free DOX in phase I clinical trails. In pharmacokinetic evaluations in

humans, NK911 exhibited 2.5-fold increase in half-life, 2.2-fold decrease in CL, 1.6-fold decrease

in Vd, and 2-fold increase in plasma AUC compared to free DOX. The lower degree of change in

pharmacokinetic parameters for the NK911 compared to liposomal formulation of DOX pointed to

the lower stability of polymeric micellar formulation. However, infusion-related symptoms

observed after administration of liposomal DOX were not seen for NK911. This formulation has

entered phase II clinical trials for the treatment of metastatic pancreatic cancer.

Another PEO-b-PLAA-based micellar structure with benzyloxy group as the core-forming

block has also been used for physical encapsulation of DOX by the same research group.13,94,95

PEO-b-PBLA (Figure 18.6) efficiently encapsulated DOX and sustained its rate of release (50%

drug release within 72 h). The formulation was not as effective as PEO-b-P(L-Asp)-DOX carrier of

DOX in animal models in reducing the toxicity of DOX. MTD of DOX was raised 2.3-fold by PEO-

b-PBLA in C-26-bearing mice (compared to a 20-fold increase in MTD observed for the PEO-b-

P(L-Asp)-DOX carrier).
18.5.3 PACLITAXEL

PTX is a poorly water-soluble drug (water solubility of 0.4 mg/mL). For clinical use, PTX is

solubilized using a significant amount of Cremophor EL in Taxolw formulation (Bristol–Myers

Squibb). Several attempts have been made to develop safe solubilizing agents for this important

chemotherapeutic agent.1 However, the problems of low solubility, drug leakage, and precipitation

upon dilution in biological system for PTX have not been completely resolved.

The hydrophobic nature of PTX and the absence of safe carriers that can reduce the toxicity and

enhance the efficacy of injectable PTX have driven a tremendous amount of attention to the

application of polymeric micellar carriers for this drug.

The only polymeric micellar formulation showing benefit in drug targeting for PTX is its PEO-

b-PLAA-based micellar formulation, namely NK105. Recently, Hamaguchi et al. reported on the

development of a PEO-b-PLAA-based polymeric micellar formulation for PTX delivery.24 The

formulation consists of physically encapsulated PTX in micelles of PEO-b-poly(4-phenyl-1-buta-

noate)L-aspartamide (PEO-b-PPBA). In preclinical studies in animal models, NK105 has shown

86-fold increase in its AUC in plasma, 86-fold decrease in CL, and 15-fold decrease in steady-state

volume of distribution (Vdss) compared to Taxolw after intravenous injection.24 This has resulted

in a 25-fold increase in drug AUC in tumor and stronger anti-tumor activity in C-26 tumor-bearing

mice models. At a PTX equivalent dose of 100 mg/kg, a single administration of NK105 resulted in

the disappearance of tumors, and all mice remained tumor-free thereafter. This formulation is

currently in phase I clinical trials in Japan.

PTX polymeric micellar formulations based on PEO-b-poly(ester) block copolymers have also

entered clinical evaluations in Canada and South Korea.101 Although PEO-b-poly(ester) micelles

were remarkably successful in raising the solubility of PTX, they have mostly failed in retaining

their drug content in biological environment, thereby regarded as ineffective in terms of drug

targeting.102–107
18.5.4 CISPLATIN AND ITS DERIVATIVE

CDDP is another anti-cancer agent that has been tried for encapsulation in polymeric micelles.

Polyion complexes of positively charged CDDP and negatively charged free carboxyl group of the

PEO-b-P(L-Asp) block copolymer were formed and assembled to micellar structures by Kataoka et

al. (Figure 18.7).26–31,76 Incorporation of CDDP in polymeric micelles has led to modest changes in

the pharmacokinetic and biodistribution properties of CDDP in Lewis Lung carcinoma mice.

Compared to free drug, 5.2- and 4.6-fold increases in the plasma and tumor AUC (calculated

based on total platinum content) were observed for CDDP-loaded micelles. The low degree
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of change in pharmacokinetics of CDDP was attributed to the instability of the micellar

formulation.

In further studies, to restrict the ion exchange rate with the micellar core and stabilize the

polymeric micellar formulation, the P(L-Asp) core of PEO-b-PLAA micelles was replaced with the

more hydrophobic structure of P(L-Glu).29 This change resulted in an increase in platinum levels in

plasma and tumor for CDDP. In anti-tumor activity studies, four out of ten C-26-bearing mice

receiving the PEO-b-P(L-Glu) formulation of CDDP showed complete cure, whereas, with free

drug, no mice showed complete tumor regression. Recently, this formulation (named NC-6004) has

concluded the stage of preclinical assessments showing 65-fold increase in plasma AUC, 9-fold

decrease in total CL, and decreased nephro and neurotoxicity in rats. NC-6004 was also found to be

equally effective as free CDDP against MKN-45 (human gastric cancer) tumor xenografts in mice.

This formulation has recently moved to clinical trial in Japan.32

PEO-b-P(L-Glu) micelles have also been tried as carriers for a less toxic but more hydrophobic

analog of CDDP, i.e., dichloro(1,2-diaminocyclohexane)platinum(II) (DACHPt) with hopes to

increase the stability of polyion complex micellar formulation. In pharmacokinetic studies, a

slightly higher platinum plasma levels for this system was observed compared to CDDP formu-

lation, but tumor accumulation was similar for both drugs.108

18.5.5 METHOTREXATE

Kwon et al. first reported on the conjugation of MTX to a PEO-b-P(L-Asp) derivative in 1999.90 In

this study, MTX was attached through an ester bond to PEO-b-PHEA, obtained by aminolysis of

PEO-b-PBLA with ethanolamine. The yield of the reaction was greater than 90%, and MTX content

was 9–20 wt%. The PEO-b-PHEA–MTX conjugates (Figure 18.5) showed self-assembly in an

aqueous phase using a dialysis method that resulted in micelles with an average size of 14 nm

and a narrow size distribution. For the in vitro release, a sample in a dialysis bag was placed into

0.1 M phosphate buffer at varied pH (2.0–9.9). Free MTX was quickly released from the dialysis

bag within 10 h. The in vitro release of MTX from self-assembled PEO-b-PHEA–MTX conjugate

was slowest at pH 5 and somewhat faster at pH 2.2 and 7 (less than 20% of the drug was released

over 260 h). At pH 10, release of MTX was rapid and almost complete in 80 h.

In 2000, the same authors continued their study on this micellar formulation by changing the

level of MTX substitution on the polymeric chain.87 They obtained three different MTX sub-

stitution levels of 3.2, 9.0, and 19.4 wt% and showed a decrease in the CMC of PEO-b-

PHEA–MTX with an increase in MTX substitution degree. The average diameter of micelles

also increased from 11.7 to 27.1 nm as the level of MTX substitution was raised from 3.2 to

19.4 wt%. The results of in vitro release experiments in PBS pH 7.4 showed a slower release

rate at higher MTX substitution levels. For PEO-b-PHEA–MTX with 3.2, 9.0, and 19.4% of

MTX substitution, 21, 10, and 5% of drug was released after 20 days, respectively.

18.5.6 KRN5500

KRN5500 is a new anti-cancer drug currently in clinical trials in Japan and the USA. It is a semi-

synthetic, water-insoluble analog of spicamycin derived from Streptomyces alanosinicus.

KRN5500 is an inactive prodrug that is metabolized to 4-N-glycylspicamycin amino nucleoside

(SAN-Gly) by a cytosomal enzyme. Fatty acid chains present in the chemical structure of

KRN5500 are lost in SAN-Gly. As a result, SAN-Gly does not cross cellular membranes as

easily as KRN5500 and is found to be 1000-fold less cytotoxic than KRN5500 in vitro.109

Development of a polymeric micellar formulation for KRN5500 was reported by Yokoyama

et al.65,110 To encapsulate KRN5500 that contains an aliphatic residue in its chemical structure, the

aromatic group of the core-forming block in PEO-b-PBLA has been replaced with cetyl esters

(Figure 18.6). Polymeric micellar KRN5500 and free drug were found to be similar in terms of anti-

tumor activity against HT-29 (human colonic cancer) and MKN-45 xenografts in a mouse model,
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but polymeric micellar formulation was less toxic. The vascular damage with fibrin clot or an

increase in the plasma levels of BUN seen after intravenous administration of free drug was not

observed for the polymeric micellar formulation. In a bleomycin-induced lung injury rat model,

free KRN5500 at a dose of 3 mg/kg caused extensive pulmonary pathological changes with wide-

spread hemorrhage; however, after administration of polymeric micellar formulation at a similar

dose, no pathological change was observed, and the lung resembled the control group.
18.5.7 CAMPTOTHECIN

Camptothecin (CPT) is a naturally occurring cytotoxic alkaloid isolated from Camptotheca accu-

minata. It exists in two forms: biologically active lactone form and inactive carboxylate form.111,112

The lactone form of CPT exhibits poor aqueous solubility; therefore, it is a good drug candidate for

incorporation in polymeric micelles.

Camptothecin has been physically encapsulated in micelles of PEO-b-P(L-Asp) having benzyl,

n-butyl, lauryl, and methylnaphtyl attached to the core-forming block through dialysis, emulsion,

and solvent evaporation methods.113 The presence of aromatic structures, e.g., benzyl or methyl-

naphtyl groups, and application of a solvent evaporation method of physical encapsulation were

shown to be more efficient, resulting in the stabilization of encapsulated CPT in the micellar

structures. The optimized polymeric micellar formulation of CPT was shown to stabilize the

lactone form of CPT even in the presence of a stimulated physiological condition. In the presence

of serum, 72% of CPT structure was protected by polymeric micelles, but free drug lost 80% of its

active form.
18.6 PEO-b-PLAA MICELLES FOR THE DELIVERY OF OTHER THERPEUTIC

AGENTS
18.6.1 AMPHOTERICIN B

AmB is the most potent anti-fungal agent used in systemic mycosis. It is an amphiphilic drug with

very low water solubility (aqueous solubility of 1 mg/mL). For clinical use, it is solubilized with the

aid of a low molecular weight surfactant, sodium deoxycholate, in Fungizonew. It is also available

as three lipid-based formulations: a lipid complex (Ablectw), a complex with cholesteryl sulfate

(Amphotecw), and a conventional liposome (Ambisomew).

Micelles of PEO-b-PHSA (Figure 18.6) having aliphatic structures in their core were prepared

and used for the solubilization of AmB through a solvent evaporation method.33–36,38,39 In this

system, the level of aliphatic chain substitution was found to affect the encapsulation efficiency and

release rate of AmB where higher levels of aliphatic side chains in the micellar core led to higher

AmB encapsulation and a lower rate of drug release. As a result of a sustained mode of drug release,

hemolytic activity of AmB was reduced in its polymeric micellar formulation in comparison to free

AmB or Fungizonew. The anti-fungal efficacy of polymeric micellar formulation was found to be

comparable to that of free AmB. In further studies, the hemolytic activity of AmB incorporated in

PEO-b-PLAA micelles having different fatty acid chain lengths as the core-forming block (at a

range between 2 and 18 carbons) but similar substitution levels (86–95%) were compared. The

results pointed to an advantage for stearic acid (saturated fatty acid with an 18 carbon chain length)

in terms of reduced AmB hemolytic activity. In vivo efficacy studies of this formulation in a

neutropenic murine model of disseminated candidiasis indicated a similar efficacy for PEO-b-

PHSA formulation of AmB and Fingizonew. The physical encapsulation of AmB in PEO-b-

PBLA at an alkaline pH has also been reported.40,41
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18.6.2 INDOMETHACIN

Indomethacin is a non-steroidal anti-inflammatory drug (NSAID), showing a low solubility in water

(35 mg/mL). A properly designed polymeric micellar carrier may increase the solubility of indo-

methacin, control its renal side effects, and increase accumulation of this drug in inflamed areas.

PEO-b-PBLA micelles have been used to solubilize indomethacin, and they showed a sustained

mode of release for the encapsulated drug. The release rate of drug from PEO-b-PBLA micelles was

found to be dependent on the ionization state of indomethacin where maximum control on drug

release was observed at pH values below the pKa of indomethacin (4.5). At this condition, indo-

methacin was unionized and favored the non-polar environment of PBLA core in polymeric

micelles.64
18.7 PEO-b-PLAA MICELLES FOR ACTIVE DRUG TARGETING

The clinical advantage of polymeric micelles in terms of drug targeting may be further improved

if the carrier can take advantage of differences between cancer and normal tissue at a cellular level.

This may be achieved through the attachment of targeting ligands that recognize cancerous tissue

to the surface of polymeric micelles, rendering them effective in active drug targeting. PEO-b-

PLAA micelles are excellent candidates for active drug targeting because chemical modifications

on both core- and shell-forming blocks are possible in PEO-b-PLAA-based carriers. Targeting

ligands can be attached at the end of the PEO chains, and the anti-cancer drugs can be physically

or chemically entrapped in the core. To date, various ligands such as different sugars, transferrin,

folate residues, and peptides have been attached to polymeric micelles for active targeting.114–117

Park et al. developed a folate-mediated (FOL-mediated) intracellular delivery system that can

transport therapeutic proteins or other bioactive macromolecules into specific cells that over

express FOL receptors.118,119 The di-block copolymer conjugate, FOL–PEO-b-P(L-Lys)

(Figure 18.8), was physically complexed with fluorescein isothiocyanate conjugated bovine

serum albumin (FITC–BSA) in an aqueous phase by ionic interactions. Cellular uptake of

FOL–PEO-b-P(L-Lys)/FITC–BSA complexes was greatly enhanced against a FOL receptor over

expressing cell line (KB cells) compared to a FOL receptor deficient cell line (A549 cells). The

presence of an excess amount of free FOL in the medium inhibited the intracellular delivery of

FOL–PEO-b-P(L-Lys)/FITC–BSA complexes. Therefore, the enhanced cellular uptake of

FITC–BSA by KB cells was attributed to FOL receptor-mediated endocytosis of the complexes

having FOL moieties on the surface. The FOL–PEO-b-P(L-Lys) di-block copolymer can potentially

be applied for intracellular delivery of a wide range of other active agents that carry

negative charge.

In a separate research, the novel pH-sensitive, FOL-modified polymeric mixed micelles

composed of FOL–PEO-b-P(L-His) and PEO-b-poly(L-lactic acid) block copolymers were

prepared. The anti-cancer drug, DOX, was physically encapsulated in the micelles.120 The poly-

meric micellar carrier was shown to be more efficient for the delivery of DOX to tumor cells

in vitro, demonstrating the potential for solid tumor treatment through combining targetability

and pH sensitivity.

Attachment of C225, i.e., the antibody against epidermal growth factor (EGF) receptors, to the

PEO terminus of a PEO-b-P(L-Glu)-DOX has been reported (Figure 18.9).121 The polymeric

immuno-conjugate C225–PEO-b-P(L-Glu)-DOX selectively bound to human vulvar squamous

carcinoma (A431) cells that over express EGF receptors. Receptor-mediated uptake of C225–

PEO-b-P(L-Glu)-DOX occurred rapidly (within 5 min), but non-specific uptake of PEO-b-

P(L-Glu)-DOX required 24 h. Binding of C225–PEO-b-P(L-Glu)-DOX to A431 cells was

blocked by pretreatment with C225 antibody. The results indicate that C225–PEO-b-P(L-Glu)-

DOX was more potent than free DOX in inhibiting the growth of A431 cells after a 6-h

exposure period.
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18.8 PEO-b-PLAA MICELLES FOR GENE DELIVERY

Polymer-based systems have attracted great interest for gene delivery because compared to viral

vectors, they are simple to prepare, rather stable, easy to modify, and relatively safe. For the

purpose of gene delivery, the polymeric carriers should bear positive charges that can interact

with the negative charges of phosphate groups on DNA, resulting in condensation of DNA by

the carrier.122 The polymer/DNA complexes are usually prepared in the presence of an excess

amount of cationic polymer, leading to a net positive charge for the complex. The net positive

charge of the complex will increase the chance of its interaction with negatively charged cell

membranes and facilitates cellular uptake of the polymer/DNA complex via endocytosis. P(L-

Lys) and its derivatives have widely been investigated for gene delivery because of its high

charge density. However, the high charge density of P(L-Lys) also results in its cytotoxicity and

its rapid clearance from circulation after intravenous injection. PEO has been attached to P(L-Lys)

to shield the high charge density of the P(L-Lys), reducing its toxicity and elimination from the

body. PEO-P(L-Lys) copolymers are capable of association and micelle formation. To date, two

types of PEO-P(L-Lys) copolymers have been used as gene carriers: AB type block copolymers, i.e.,

PEO-b-P(L-Lys) and comb-shaped PEO grafted P(L-Lys), i.e., PEO-g-P(L-Lys) (Figure 18.10).

The PEO-b-P(L-Lys) was synthesized and investigated as a gene carrier by Seymour et al. It

formed carriers with an average diameter of around 100 nm.123 The cytotoxicity of the PEO-b-

P(L-Lys)/DNA complex was found to be significantly lower than P(L-Lys)/DNA complex. PEO-b-
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P(L-Lys)s were further studied by Kataoka et al. for DNA delivery.124–127 Complexation of DNA

and PEO-b-P(L-Lys) in their study led to the formation of polyion complex micelles with an

average diameter of 48.5 nm. The polyion complex micelles showed higher transfection efficiency

in human hepatoma HepG2 cells at a 4:1 positive to negative charge ratio when compared to

P(L-Lys) of the same molecular weight. Southern blotting assay showed that naked plasmid

DNA was degraded in the blood within 5 min after intravenous injection. On the contrary, when

plasmid DNA was administered as complex with PEO-b-P(L-Lys) micelles, the supercoiled DNA

was detected in the blood for 30 min. Methoxy PEO-b-P(L-Lys) dendrimers have also been studied

as gene carriers by Choi et al., forming a spherical polymer/DNA complex at a 2:1 positive to

negative charge ratio.63 Multiblock copolymers of PEO-b-P(L-Lys)-g-P(L-His) with ester bonds

between PEO and P(L-Lys) have also been investigated as gene carriers.128

The application of PEO-g-P(L-Lys) as gene carriers was evaluated in vitro and in vivo by Kim

et al. PEO-g-P(L-Lys) showed a slightly lower DNA condensing effect when compared to P(L-Lys),

but it had a 5–30-fold increase in transfection efficiency in HepG2 cells (a human liver carcinoma

cell line).129 PEO-g-P(L-Lys) demonstrated low cytotoxicity, early gene expression, and mainten-

ance of gene expression level for up to 96 h. PEO-g-P(L-Lys) was then evaluated as a carrier of the

anti-sense glutamic acid decarboxylase (GAD) plasmid to the pancreas for the prevention of type 1

diabetes in mice.130 The anti-sense mRNA was expressed in the pancreas of mouse for more than 3

days when delivered as PEO-g-P(L-Lys) complex.

Attachment of galactose or lactose to PEO-b-P(L-Lys) nanocarriers has been accomplished to

target the asialoglycoprotein receptor of hepatocytes. Lactose-PEO-b-P(L-Lys) showed ten times

higher transfection efficiency in HepG2 and lower cytotoxicity when compared to P(L-Lys)/DNA

complex.131

A synthetic peptide based on apolipoprotein B100 with arterial wall-binding effects was

selected and introduced to the end of PEO-g-P(L-Lys) for targeting the polymer/DNA complex

to the aorta endothelial cells.132 The arterial wall binding (AWBP) conjugate of PEO-g-P(L-Lys)

condensed plasmid DNA and formed a spherical shape complex with a size of 100 nm. In gene

expression studies, the transfection efficiency of the AWBP–PEO-g-P(L-Lys)/DNA complex to

bovine aorta endothelial cells and smooth muscle cells was 150–180 times higher than that of

P(L-Ly) or PEO-g-P(L-Lys) complexes with DNA. Free AWBP decreased the transfection effi-

ciency of the AWBP–PEO-g-P(L-Lys), suggesting a targeted gene delivery by the carrier to the

aorta endothelial cells via receptor-mediated endocytosis.
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19.1 INTRODUCTION

Recently, polymer micelles derived from amphiphilic block copolymers in an aqueous phase have

attracted attention as a promising formulation for poorly water-soluble drugs.1–4 Block copolymer

micelles are nanosized particles with a typical core-shell structure.5 The core solubilizes the

hydrophobic drugs, while the corona allows the suspension of micelles in an aqueous medium.

The use of block copolymer micelles as drug-carrying vehicles was proposed by Ringsdorf’s group

in the 1980s.6 The rationale for incorporating low-molecular-weight drugs into micelles is to

overcome the problems of drug formulations such as toxic side effects, poor pharmacokinetics,
385
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and limited solubility in water. Hydrophobic drugs can be solubilized into hydrophobic core

structures of polymeric micelles, and solubilized at higher concentrations than their intrinsic

water-solubility.7–10 The chemical composition of polymeric micelles is attractive because it can

be tailored to have desirable physicochemical properties for drug solubilization. Therefore, various

amphiphilic block copolymers have been synthesized and investigated for micelle formulations of

poorly soluble drugs.11–14 In most polymeric micelles, hydrophobic drugs can be incorporated into

the hydrophobic core of micelles by hydrophobic interaction and other additional interactions, such

as the metal–ligand coordination bond, receptor–ligand interaction, and the electrostatic

interaction.15–17 It is believed that the more compatible drugs are with the cores of the micelles,

the greater their ability to be dissolved.

As drug carriers, polymeric micelles have been widely investigated for a diverse class of anti-

cancer agents including paclitaxel, adriamycin, and methotrexate.3,12,18,19 However, several limi-

tations, for example, limited drug-solubilizing ability, poor stability in water after drug loading, and

the lower stability with the higher loading content, are known to limit successful clinical

applications.20,21

Hydrotropy has many advantages in enhancing the water solubility of poorly soluble drugs.

Hydrotropes (or hydrotropic agents) self-associate to form noncovalent assemblies of nonpolar

microdomains to solubilize poorly water-soluble solutes.22 The high concentration of hydrotropes

(greater than 1 M) is a key factor in enhancing water-solubility of poorly soluble solutes.23,24

Hydrotropes often exhibit a higher selectivity in solubilizing guest hydrophobic molecules than

in surfactant micelles. Thus, identifying hydrotrope structures that effectively solubilize a specific

drug molecule is important. Recently, Park et al. have examined a number of hydrotropes for

solubilization of paclitaxel, a model poorly soluble anti-cancer agent.25 Through screening the

effective structures of the hydrotropes for paclitaxel solubilization, N,N-diethylnicotinamide

(DENA) and N-picolylnicotinamide (PNA) were found to be the best hydrotropes. They increased

the water-solubility of paclitaxel by 3–5 orders of magnitude over its normal solubility in pure

water (about 0.3 mg/mL). They also examined polymers and hydrogels, based on DENA and PNA

hydrotropes, to develop new polymeric solubilizing systems maintaining the benefits of hydro-

tropy.26 The hydrotropic property of the hydrotropes was maintained in their polymeric forms, and

the highly localized concentration of the hydrotrope in polymers and hydrogels was found to be a

main contributor to effective solubilization of paclitaxel. However, upon dilution in aqueous media,

drugs solubilized in hydrotropic polymers precipitate due to the low physical stability of the

formulations. Thus, a need exists for the hydrotropic formulations with a high stability.

To overcome the limitations of current polymeric micelles, hydrotropic polymer micelle

systems that have had core components designed with a high solubilizing capacity for poorly

soluble anti-cancer agents, like paclitaxel, show enhanced long-term stability even at high drug

loading.27 The key in the polymer system designs is to introduce the identified structure of hydro-

tropes for a specific drug to the drug-solubilizing micellar cores. The benefit of using self-

assembled structures is the congestion of hydrotropic moieties with high local concentration at

the micellar inner core. To date, many polymeric micelles have shown limited solubilizing capacity

for paclitaxel, and, in most cases, the maximum content of paclitaxel loaded in micelles was around

20 wt%.20,21 In addition to the limited loading capacity, the stability of the drug-loaded polymeric

micelles is poor. Stability decreases as the drug loading increases. The poor colloidal stability of

existing polymeric micelles is normally caused by the enhanced hydrophobicity of micelles after

solubilization of paclitaxel, leading to aggregation of micelles. Because the hydrotropic moiety is

relatively hydrophilic, it retains the hydrophilicity of the colloidal micelles even after loading of

large amounts of paclitaxel.

This chapter gives a general review on recent developments of polymer micelles for cancer

chemotherapeutics, the basic concept of hydrotropic solubilization, and a systemic rationale of

hydrotropic polymer micelle systems. In particular, it focuses on the design strategy and unique

properties of hydrotropic micelle formulations for the delivery of poorly soluble anti-cancer drugs.
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19.2 GENERAL REVIEW OF POLYMER MICELLE DRUG CARRIERS

Micelles are defined as colloidal dispersions, including a category of a dispersed system that

consists of the particulate matter or the dispersed phase in a continuous phase or dispersion

medium.28,29 Micellization phenomena have been studied widely in the field of drug delivery.

Amphiphilic small molecules have been utilized for preparing micelles, but amphiphilic macro-

molecules are better than the small molecules because of their lower critical micelle concentration

(CMC) and higher stability. Polymeric micelles represent a separate class of micelles. Polymeric

micelles consist of amphiphilic block copolymers which include multi-block copolymers, AB-type

di-block copolymers, and ABA-type tri-block copolymers with a hydrophobic core (A or B

segment) and a hydrophilic shell (A or B segment). Representative block copolymers are sum-

marized in Table 19.1.5,9,12 The amphiphilic block copolymer forms spherical micelles in aqueous

environments with a hydrophilic shell and hydrophobic core parts (Figure 19.1). In general, the core

part represents a molten-liquid globule and a swollen, hydrophilic corona. These micelles have a

high solubilization capacity of poorly soluble drugs, and good potential to minimize drug

degradation, loss, and harmful side effects. In this chapter, polymeric micelles for drug delivery

applications are briefly summarized in terms of methods/mechanism of micelle formation, influen-

cing factors of stabilization, and solubilization of poorly soluble drugs.
19.2.1 PREPARATIVE METHODS OF POLYMER MICELLES BASED ON BLOCK COPOLYMERS

There are two ways to prepare polymeric micelles: the direct dissolution method and the dialysis

method (Figure 19.2).1 One can select a method depending on the block copolymer’s solubility in

an aqueous medium. As for direct dissolution, the block copolymer is simply dissolved in water or

buffers at a concentration above its CMC. If needed, the temperature is elevated during the micelle

formation. A good example of this method is poly(ethylene oxide)-block-poly(propylene oxide)-

block-poly(ethylene oxide) (PEO–PPO–PEO; Pluronicsw).30,31 If block copolymers are not easily

water soluble, the dialysis method is useful to prepare polymeric micelles. In this case, block

copolymer is dissolved in a water-miscible organic solvent such as dimethylformamide (DMF),

dimethylsulfoxide (DMSO), and acetonitrile. The mixed solution is then dialyzed against distilled

water. During the dialysis, the organic solvent is removed by exchanging the outer medium

(distilled water). The pore size of the semi-permeable membrane (usually SpectraPorw) should

be carefully selected, based on the expected size of polymeric micelles. The choice of organic

solvent is important because the solvent effects the size and size-population distribution of poly-

meric micelles. La et al. reported that the use of DMSO as the organic solvent gave rise to PEO-b-

poly(b-benzyl L-aspartate) (PEO–PBLA) micelles, of which size was only 17 nm.32 However, only
TABLE 19.1
Representative Block Copolymers for Poorly Soluble Drugs

Block Copolymers

Pluronicsw (PEO–PPO–PEO)

Methoxy-PEG-b-poly(D,L-lactide) (PEG–PLA)

PEG-b-poly(lactic acid-co-glycolic acid)-b-PEG

Methoxy-PEG-b-polycaprolactone (PEG–PCL)

Poly(b-maleic acid)-b-poly(b-alkylmaleic acid alkyl ester)

Poly(N-isopropyl acrylamide)-b-PEG

Poly(aspartic acid)-b-PEG

PEG-b-phosphatidyl ethanolamine
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FIGURE 19.1 General scheme of micelle formation using amphiphilic block copolymers.
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6% of the PEO–PBLA formed the micelle. When dimethylacetamide (DMAc) was used as

the organic solvent, the size was 19 nm with a high yield. Therefore, one should examine the

effect of organic solvents on the size and size distribution, as well as the composition, of

block copolymers.

19.2.2 CHARACTERIZATION AND PROPERTIES OF THE POLYMERIC MICELLES

The micellization of di- or tri-block copolymers is usually characterized by the following methods:

1. Dye-solubilization methods using 1,6-diphenyl-1,3,5-hexatriene (DPH) and pyrene

(Figure 19.3)11,33–37

2. Static and dynamic light-scattering measurements.32,38,39

The dye-solubilization method is useful to determine CMC, local viscosities, and polarity of the

micellar core.40 For example, DPH is preferentially partitioned into the hydrophobic core of

micelles with the formation of micelles, which causes an increase in the absorbance of the dyes.

When the concentration of the block copolymers changes, CMC can be determined as the cross-

point of the extrapolation of the change in absorbance over a wide concentration range. Pyrene has
Dissolve block copolymer
in aqueous medium

Dissolve the copolymer
in organic solvents

(If needed, increasing temperature)

Put into a dialysis tube

Dialysis against water

(a)

(b)

FIGURE 19.2 Preparation of micelles by direct dissolution (a) and dialysis methods (b).
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FIGURE 19.3 Chemical structures of DPH and pyrene.
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been well-studied as a fluorescent probe to determine CMC, as well as DPH.4,41 Below CMC, a

small amount of pyrene is solubilized in water (the saturated concentration is as low as 6!10K7 M).

In the presence of polymeric micelles, pyrene is preferentially solubilized in the nonpolar micelle

core. By increasing the concentration of the block copolymer in the presence of pyrene, an increase in

emission intensity can be seen, at which point pyrene becomes associated with the micelle core.

When the concentration of the block copolymers changes, CMC can be determined as the point from

which to extrapolate the change in absorbance in a wide range of the concentration.

Weight-average molecular weight (MW) of micelles is calculated by the results of static light-

scattering (SLS) measurements using a Debye plot39:

KðCKCMCÞ=ðRKRCMCÞZ 1=MW C2A2ðCKCMCÞ

where K indicates 4p2ðdn=dcÞ2=NAl4, R and RCMC the excess Rayleigh ratios at concentration C and

CMC, n is the refractive index of solution at CMC, dn/dc is the refractive index increment, NA is

Avogadro’s number, l is the wavelength of the laser light, and A2 is the second virial coefficient.

Hydrodynamic radii (RH) of micelles can be determined by dynamic light-scattering (DLS)

measurements using the Stokes–Einstein equation39,41:

RH Z kBT=ð3phDÞ

D Z G=K2

where kB is the Boltzmann constant, T is the absolute temperature, h is the solvent viscosity, D is the

diffusion coefficient obtained from the average characteristic line width (G), and K2 is the magni-

tude of the scattering vector. Because polymeric micelles are a kind of spherical assembly, the

diffusion coefficients should be independent of the detection angle, due to the undetectable

rotational motions.

19.2.3 KEY PARAMETERS FOR MORPHOLOGY AND STABILIZATION OF THE POLYMERIC MICELLES

As for AB-type di-block copolymers, one can imagine that the di-block copolymer can form

spherical micelles in an aqueous solution. If the hydrophilic block is too long, the di-block copo-

lymers exist in water as a unimer or a macromolecular micelle. On the other hand, if the

hydrophobic block is too long, it can show nonmicellar morphology, such as rods and lamellar

structures. Eisenberg and his group reported that different morphologies are formed at equilibrium,

near-equilibrium, and nonequilibrium conditions.42 When the length of the hydrophobic segment is

significantly shorter than that of the hydrophilic part, the block copolymer usually forms nonsphe-

rical micelles. The formation of “crew-cut” aggregates has been suggested by a force-balance effect

between the hydrophobic part’s degree of stretching, the interfacial energy of the micelle core with

water, and the interaction between hydrophilic chains as a shell.42–44 Copolymer compositions,
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concentrations, and organic solvents used for the micelle preparation significantly affect the

morphology.

From the pharmaceutical point of view, stability of polymeric micelles in the blood stream is

important because administration of micelles into the body always accompanies dilution, which

causes dissociation of the micelles.1 The stability of polymeric micelles both in vitro and in vivo

depends on their CMC values. However, the CMC values have been used as a thermodynamic

stability: Equilibrium between unimers and micelles can be shifted below or above the CMC. On

the other hand, kinetic stability, which represents the actual rate of micelle dissociation below the

CMC, depends on the size of the hydrophobic part, the physical state of the micelle core, and

the hydrophilic/hydrophobic ratio. The hydrophobic block plays an especially critical role. For

example, an increase in the length of the hydrophobic block at a given length of the hydrophilic

block causes a significant decrease in the CMC value, and an increase in the stability of the micelle.

On the other hand, an increase in the length of hydrophilic block leads to only a small rise of CMC

value. Additionally, CMC values of di-block copolymers are generally lower than those of tri-block

copolymer of the same molecular weight and hydrophilic/hydrophobic ratio. Thus, the molecular

design of block copolymers for polymeric micelles should be optimized for pharmaceutical appli-

cations. To increase stability, unimolecular micelles that mimic polymeric micelles regarding their

morphological properties have been proposed since 1991.45,46 These micelles are intrinsically

stable upon dilution, because their formation is independent of polymer concentration. Both

dendrimers and star polymers have been designed as unimolecular micelles.45,47–49

19.2.4 DRUG LOADING, SOLUBILIZATION, AND DRUG RELEASE

Drug loading methods mostly depend on the methods of micelle formation.50,51 In the case of

micelles prepared by the direct dissolution in water, a stock solution of drugs in some organic

solvents is prepared in an empty vial. Then the organic solvent is allowed to evaporate, followed by

adding an aliquot of water containing the block copolymer. The oil-in-water emulsion method is

another method: the drug, in a nonpolar solvent such as chloroform, is added dropwise to the water

containing the block copolymer. In the case of the dialysis method, the drug is mixed with the block

copolymer in common organic solvents, and the organic solvents in dialysis bags are exchanged

with a large amount of water to induce assembly of micelles. Upon micellization, the poorly soluble

drugs are trapped in the hydrophobic inner cores of micelles.

It is known that the solubilization of poorly soluble drugs in the micelle core strongly depends

on the types and efficacy of the interactions between the solubilized drug and the hydrophobic

micelle core.1 Drug-loading capacity depends on the compatibility between the loaded drug and the

hydrophobic core. Drug characteristics such as polarity, hydrophobicity, and charge often affect

compatibility; consequently, the structure and the length of hydrophobic block should be carefully

examined to determine maximum compatibility with any poorly soluble drugs. A good parameter

that has been used to assess compatibility is the Flory–Huggins interaction parameter, csp. This

parameter is described by the following equation1:

csp Z ðdsKdpÞ
2Vs=RT ;

where csp is the interaction parameter between the solubilized drug (s) and the hydrophobic block

part (p), d is the Scatchard–Hildebrand solubility parameter of the hydrophobic block part, and Vs is

the molar volume of the solubilized drug. If the csp shows low value, the compatibility between

drug and hydrophobic block part is great. By using this parameter, Gadelle et al. suggested the

following mechanism for solubilization of aromatic solutes in PEO-b-PPO-b-PEO28:

1. The addition of apolar solutes (drugs) promotes aggregation of the block

copolymer molecules.
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2. The micelle core contains some water molecules.

3. Solubilization is initially a replacement process in which water molecules are displaced

from the micelle core by the drug.

Drug-release kinetics generally depend upon the rate of the drug’s diffusion from the micelles.

There are several factors that affect the release rate: Polymer–drug interactions, localization of the

drug within the micelle, the physical state of the micelle core, the length of the hydrophobic part of

the block copolymer, the molecular volume of the drug, and the physical state of the drug in the

micelle.1 For instance, if the drug is located in the micelle core as a crystal, it may act as a

reinforcing filter. If the magnitude of interaction between the copolymer and the surface of crystal-

lite is strong, the drug crystal may cause the glass-transition temperature to increase. Thus,

solubilization of the drug, which depends on the characteristics of both the drug and the block

copolymer, is important in designing polymeric micelles for poorly soluble drugs, such as anti-

cancer drugs.
19.3 POLYMER MICELLES FOR CANCER CHEMOTHERAPY

19.3.1 POLYMER MICELLES AS CARRIERS OF ANTI-CANCER DRUGS

Significant progress in cancer therapy has been made with the development of new anti-cancer

agents and related technologies. However, the major challenge remains in delivery technologies

that can effectively, selectively deliver anti-cancer agents to tumor sites, and avoiding systemic

toxicity and adverse effects to normal tissues or cells. Recently, polymer micelles have attracted

attention as a novel drug carrier system, in particular for anti-cancer agents, due to its various,

promising properties. These nanoscaled delivery systems have been developed to demonstrate a

series of required properties as drug carriers, such as biocompatibility, stability both in vitro and

in vivo, targeting, and drug loading capacity. Recent research into the development of polymer

micelle delivery system has focused on two issues, drug solubilization and targeted delivery

system, to enhance the efficacy of the delivered drug.52–55

19.3.2 POLYMER MICELLES FOR SOLUBILIZATION OF POORLY SOLUBLE ANTI-CANCER DRUGS

Because many anti-cancer drugs and drug candidates are water-insoluble or poorly water-soluble,

applicability of solubilizing systems to these drugs is indispensable. For instance, paclitaxel is one

of the most effective anti-cancer agents, and currently formulated with use of surfactants, including

Cremophor EL, due to its extremely poor water solubility.56 Despite good efficacy of the formu-

lation, its clinical use is limited by serious side effects resulting from use of Cremophor EL.57–59

Diverse approaches—such as chemical and physical modification, use of a cosolvent, and emulsi-

fication—have been explored for increasing the aqueous solubility of poorly soluble drugs.60–66

Although several systems have shown high solubilizing effects, they have been limited by their

stability and toxicity. Thus, development of nontoxic and stable effective solubilizing systems for

poorly soluble drugs is important for enhancing drug efficacy with high bioavailability.

Over the past decade polymer micelles have been extensively investigated as a potent drug

carrier that can effectively solubilize poorly soluble anti-cancer drugs. Because polymer micelles

have been made with biocompatible polymers such as poly(ethylene oxide), poly(D,L-lactide), etc.,

they are much less toxic than other solubilizing agents such as cosolvents or surfactants.20,58

Additionally, recent advances in polymer synthesis make it possible to sophisticate the design of

polymer composition and structure so that the resulting micelle shows high solubilizing capacity

with prolonged stability.

Presently a number of polymer micelle systems with different compositions and structures have

been tried to solubilize and deliver various anti-canter drugs. Several examples of the polymer
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micelles used for solubilization of poorly water-soluble anti-cancer drugs are summarized in

Table 19.2.2–14,19,20,42,52,54 Drug-loading tests have shown that, in most polymer micelle

systems, not only molecular design of block copolymers, but also the drug incorporation method

are crucial factors to increase the solubilizing capacity.1,14
19.3.3 TARGETING SYSTEMS USING POLYMER MICELLES

Unique core-shell structure of polymer micelle systems with a nanoscaled size may ensure

prolonged circulation times that are favorable for passive drug targeting.10 Furthermore, polymer

micelles can be selectively accumulated to tumor sites by the enhanced permeability and retention

(EPR) effect, which makes them useful as a tumor-targeting system. An alternative, passive-

targeting strategy is to make smart micelles using stimuli-responsive amphiphilic block copolymers

that can sense and respond to the unique tumor environment.54,67 Kataoka et al. have developed a

novel intracellular pH-sensitive polymeric micelle drug carrier that controls the systemic, local, and

subcellular distributions of pharmacologically-active drugs using amphiphilic block copolymers,

poly(ethylene glycol)–poly(aspartate hydrazone adriamycin).68 Because the anti-cancer drug,

adriamycin, is conjugated to the hydrophobic segments through acid-sensitive hydrazone links,

this polymer micelle can stably preserve drugs under physiological conditions (pH 7.4), but selec-

tively release the drug by sensing the intracellular pH decrease in endosomes and lysosomes (pH 5–

6).

The active targeting is usually achieved by attaching specific-targeting ligand molecules, such

as monoclonal antibodies, to the micelle surface, which provides a preferential accumulation in the

tumor sites or cells. Such ligand and other targeting moieties are introduced in other literatures.69

When linked with tumor-targeting ligands, polymer micelles can be used to target tumor sites with
TABLE 19.2
Use of Polymer Micelle Systems for Solubilization of Poorly Soluble Anti-Cancer Agents

Polymer Compositiona Loaded Drug Loading Content (wt%)b

PEG–PDLLA Paclitaxel 5–25

Methotrexate 3.7–2.8

PEG–PDLLACL Paclitaxel 15–25

PEG–PGACL Paclitaxel 8–11

PEtOz–PCL Paclitaxel 0.5–7.6

PEG–PCL Paclitaxel 4.1–20.8

PEG–pHPMAmDL Paclitaxel 22

PVP-b-PDLLA Paclitaxel 5

Docetaxel 4

Teniposide 10

Etoposide 20

PEG-poly(aspartate) Camptothecin 13

PEG–P(Asp(ADR) Doxorubicin Ellipticine 8.4–7.8

PEG–PBTMC Doxorubicin 10

Poly(NIPAAm-co-DMAAm)-PLGA 2–8

a Calculated by: (weight of loaded drug)!100/(weight of drug-loaded micelle).
b PDLLA, Poly(D,L-lactide); PDLLACL, Poly(D,L-lactide-co-caprolactone); PGACL, Poly(glycolide-co-caprolactone);

PEtOz, poly(2-ethyl-2-oxazoline); pHPMAmDL, poly(N-(2-hydroxypropyl) methacrylamide lactate); PVP, poly(N-vinyl-

pyrrolidone); P(Asp(ADR), adriamycin-conjugated poly(aspartic acid) block copolymer; PBTMC,

poly(5-benzyloxytrimethylene carbonate); NIPAAm, N-isopropylacrylamide; DMAAm, N,N-dimethylacrylamide; PLGA,

poly(D,L-lactide-co-glycolide).
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high affinity and specificity. Recently a multifunctional polymer micelle system has been proposed

to endow enhanced tumor selectivity and endosome-disruption property on the carrier.68 The

polymer micelle is designed to expose the cell interacting ligand (biotin) only under slightly

acidic environmental conditions of various solid tumors, and show pH-dependent dissociation,

causing the enhanced release of the loaded drug from the carrier in early endosomal pH.
19.3.4 OTHER APPLICATIONS OF POLYMER MICELLES FOR CANCER THERAPY

Polymer micelles have supramolecular functionalities that are not available from either individual

polymer chains or bulk polymer solids. Based on supramolecular architecture, polymer micelles

have much more surface area and a separate core that can be available for chemically or physically

introducing other active agents, including optical, radioisotopic, magnetic diagnostic, and photo-

sensitive agents.70,71 Although the delivery of chemotherapeutic agents by polymer micelle

systems is relatively well established, the application for delivering imaging and photosensitive

agents remains in the early stages of research.47,70,71 The polymer design and targeting strategies

can be also utilized in delivery of other active agents for cancer treatments. Recently, photodynamic

therapy (PDT) has been considered as a promising method of treating cancer and other diseases.72

PDT involves the systemic administration of photosensitizers followed by a local application of

light, introducing photochemical reactions that generate cytotoxical substances that produce

necrosis of a cancer cells.70 Polymer micelles can be a good candidate for delivery of photosensi-

tizers in PDT because of their high solubilizing capacity for hydrophobic drugs and potential

targeting property. The delivery of photosensitizers by polymer micelles may allow selective

accumulation to solid tumor tissue and resultant higher photocytotoxicity with reduced side

effects.47,72 Also, hydrophobic photosensitizers that are poorly soluble or tend to aggregate in

aqueous environments can be effectively solubilized in polymer micelle system, showing high

photodynamic efficacy by overcoming problems from intrinsic poor solubility.70
19.4 HYDROTROPIC POLYMER MICELLES

19.4.1 HYDROTROPY AND HYDROTROPIC AGENTS

Hydrotropy is a collective molecular phenomenon describing a solubilization process whereby the

presence of large amounts of a second solute, called hydrotropes, results in an increased aqueous

solubility of a poorly soluble compound.22,73 Hydrotropic agents are a diverse class of substances

with wide industrial usage, including solubilizing agents in drug formulations, agents in the separ-

ation of isomeric mixtures, catalysts in heterogeneous phase chemical reactions, and fillers in

cleaning formulations and cosmetics. Some examples of hydrotropic agents are nicotinamide

and its derivatives, anionic benzoate, benzosulfonate, neutral phenol such as catechol and resor-

cinol, aliphatic glycolsulfate, and amino acid L-proline.22,74 Figure 19.4 shows a variety of

compounds that are classified as hydrotropic agents. Hydrotropic agents are characterized by a

short, bulky, and compact moiety such as an aromatic ring, whereas surfactants have long hydro-

carbon chains. In general hydrotropic agents have a shorter hydrophobic segment, leading to a

higher water solubility, than that of surfactants. Other examples of hydrotropic materials

are sodium gentisate, sodium glycinate, sodium toluate, sodium naphtoate, sodium ibuprofen,

pheniramine, lysine, tryptophan, isoniazid, and urea.22,23 At concentrations higher than the

minimal hydrotrope concentration, hydrotropic agents self-associate and form noncovalent

assemblies of lowered polarity (i.e., nonpolar microdomains) to solubilize hydrophobic solutes.

The self-aggregation of hydrotropic agents is different from surfactant self-assemblies (i.e.,

micelles), in that hydrotropes form planar or open-layer structures instead of forming compact

spheroid assemblies.
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19.4.2 HYDROTROPIC AGENTS IN PHARMACEUTICS

Delivery of poorly water-soluble drugs by oral route has been limited by poor absorption from the

gastrointestinal tract (GI).75 One of the governing factors in the transport of drugs across the

intestinal barrier is the carrier-mediated efflux mechanism, which is referred to as multidrug

resistance (MDR). This phenomenon is mediated by the increased expression of energy-dependent

drug efflux proteins such as P-glycoproteins, multidrug-resistance-associated proteins, and lung-

resistance proteins. Since the excretion of the absorbed drugs by this mechanism is the saturable

process, the solubility enhancement of poorly water-soluble drugs might overcome the barrier. At

high concentration of drugs, the efflux protein will be saturated, thereby resulting in the increase of

the absorbed amount of drugs and bioavailability. The hydrotrope approach is a promising new

method with great potential for poorly soluble drugs. Using hydrotropic agents is one of the easiest

ways of increasing water-solubility of poorly soluble drugs because it only requires mixing the

drugs with hydrotropes in water.24,25 Hydrotropic agents are commonly used to enhance the water-

solubility of poorly soluble drugs, and in many instances the water-solubility of these drugs is

increased by orders of magnitude. The use of hydrotropic agents offers numerous benefits over

other solubilization methods such as micellar solubilization, cosolvency, and salting-in.74 To date,

various hydrotropic agents have been utilized to enhance the aqueous solubility of many hydro-

phobic drugs including paclitaxel, ketoprofen, diazepam, allopurinol, indomethacin, and

griseofulvin. In most cases, the high concentration of hydrotropes is key to increasing water

solubility of poorly soluble drugs. Thus, the approach to increase the local concentration of hydro-

tropes may provide an opportunity to develop new hydrotrope-based solubilizing systems. Despite

the advantages of hydrotropes, application of low molecular weight hydrotropes in drug delivery

has not been practical because it may result in absorption of a significant amount of hydrotropes

themselves into the body, along with the drug. Recently polymeric forms of hydrotropes, such as
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hydrotropic polymers and hydrogels, were developed to overcome the drug formulations based on

low molecular weight hydrotropes.26 The polymeric hydrotropes were found to maintain the hydro-

tropic activity of its low molecular weight hydrotropes. Their solubilizing ability for paclitaxel was

well examined, and the solubilization mechanism correlated with the assembly of polymeric hydro-

tropes. However, the low physical stability of drug formulations is also reported to limit the

practical applications of these formulations.
19.4.3 MECHANISTIC STUDIES AND STRUCTURE–PROPERTY RELATIONSHIP OF HYDROTROPIC

SOLUBILIZATION

The term hydrotropy does not mean a specific mechanism, but implies a collective solubilization

phenomenon that is incompletely understood. There have been various theoretical and experi-

mental studies aimed at explaining hydrotropic solubilization. Most of proposed mechanisms

can be classified into following two schemes. The first one involves the complex formation

between the hydrotrope and the solute. As a representative example, nicotinamide—a nontoxic

vitamin B3—has been shown to enhance the solubilities of a wide variety of hydrophobic drugs

through complexation. Using nicotinamide and its derivatives, such as N-methylnicotinamide and

N,N-diethylnicotinamide (DENA), Rasool et al. described the aromaticity of pyridine ring, which

might promote the stacking of molecules through its planarity, as a most significant contributor in

complexation, because the abilities of aromatic amide ligands to enhance the aqueous solubilities of

tested drugs was higher than those of the aliphatic amide ligands.76 The other mechanism for

hydrotropic solubilization is self-association of the hydrotrope in an aqueous phase. This view is

supported by experimental data, proving that some hydrotropes, including nicotinamide and

aromatic sulfonates, associate in aqueous solutions. Using nicotinamide-riboflavin system,

Kildsig et al. showed that the self-association of nicotinamide contributed to the solubility increase

of riboflavin, rather than complexation between two species.77

Each hydrotropic agent is effective in increasing the water solubility of selected hydrophobic

drugs, and no hydrotropic agents were found that are universally effective. Therefore, the structure–

activity relationship between selected pairs of the hydrotropic agent and the drug is another

important concern to discuss. Park et al. reported on the intensive studies of the elucidation of

structure–activity relationship for the hydrotropic solubilization of paclitaxel using not only nico-

tinamide and its analogues as aromatic amides, but also various ureas as aliphatic amides.25 They

showed that nicotinamide enhanced the aqueous solubility of paclitaxel to a greater extent than the

aliphatic analogues of nicotinamide such as nipecotamide and N,N-dimethylacetamide. In addition,

the aqueous solubility of paclitaxel was found to be strongly dependent on the alkyl substituent on

the amide nitrogen of nicotinamide. DENA of 3.5 M enhanced the aqueous solubility of paclitaxel

up to 39.07 mg/mL, whereas N,N-dimethylnicotinamide showed paclitaxel solubility of

1.77 mg/mL at the same concentration. They synthesized new hydrotropic agents based on the

structure of nicotinamide by varying the substituent to the amide nitrogen with a pyridine ring or an

ally group. The aqueous solution of N-picolylnicotinamide (PNA) (3.5 M), having another pyridine

ring as a substituent on the amide nitrogen, was highly effective in the enhancement of paclitaxel

solubility (29.44 mg/mL), compared with the hydrotropic effect of nicotinamide on the

paclitaxel (0.69 mg/mL). Besides, N-allylnicotinamide highly contributed to the enhancement of

paclitaxel solubility (14.18 mg/mL) compared to that of N,N-dimethylnicotianmide (1.77 mg/mL).

The most interesting find is that the threshold concentration where the association occurred is

consistent with the threshold concentration where paclitaxel solubility began to increase.
19.4.4 DESIGN STRATEGY OF HYDROTROPIC POLYMER MICELLE SYSTEMS

Hydrotropic polymer micelles were firstly developed based on the self-assemblies of amphiphilic

block copolymers containing the hydrophilic block, and the hydrophobic block containing pendent
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hydrotropic moieties. The main strategy for hydrotropic systems is to maximize the local concen-

tration of hydrotropic structure because the drug solubilizing capacity increases when increasing

the local concentration of hydrotropes.26 The hydrophobic block possesses hydrotropes assembled

in the limited volume in micellar core region. Considering several hundreds of aggregation numbers

of micelles, the local concentration of hydrotropes would be maximized as compared to other

polymeric hydrotropes. In addition to the enhanced solubilizing ability for poorly soluble drugs,

the intrinsic hydrophilicity of hydrotropic structure can retain the colloidal stability by compen-

sation of enhanced hydrophobicity of drug-loaded polymer micelles. Using atom-transfer radical

polymerization (ATRP) of modified hydrotropes, Park et al. started the synthesis of amphiphilic

block copolymers consisting of PEG and poly(2-(4-(vinylbenzyloxyl)-N,N-diethylnicotinamide)

(PDENA) or poly(2-(4-(vinylbenzyloxyl)-N-picolylnicotinamide) (P(2-VBOPNA)) as shown in

Figure 19.5.27

PEG-b-PDENA copolymers associated to form polymeric micelles with the hydrotrope-rich

core and the PEG outer shell in aqueous media. The mean hydrodynamic diameters were in the

range of 30–100 nm. In these polymer systems, the solubilization of paclitaxel is based on a syner-

gistic effect of the unique micelle characteristics and hydrotropic activity. Hydrotropic micelles

demonstrated not only higher loading capacity (up to 37 wt% of paclitaxel) but also enhanced

physical stability in aqueous media.27 The enhanced stability is due to the intrinsic hydrophilicity

of hydrotropic moieties in the micellar core. The drug loading into the hydrotropic polymeric micelle

core is mainly based on the attractive interactions between the hydrotropic moiety and paclitaxel.

The structure of hydrotropic polymer micelles can be varied by introducing a diverse class of

hydrotropic structures into the block copolymers through ATRP.28,29,78–80 Table 19.3 lists some

of the block and graft copolymers consisting of poly(ethylene glycol) (PEG) and the hydrotropic

polymers that have been synthesized based on the molecular structures of identified hydrotropic

agents for paclitaxel, such as DENA and PNA.
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The main components necessary for the synthesis of the block copolymers are PEG modified

with bromine or chlorine, and the modified hydrotropic agent with polymerizable vinyl, acryl, and

styryl groups. Table 19.4 lists the useful hydrotropic agents modified with double bond function-

ality. The relevant combination of monomers listed in Table 19.4 can lead to a diverse class of the

copolymers capable of making the hydrotropic micelles.

In addition to the structural variation, a new property such as stimuli-responsibility can be

endowed with the hydrotropic polymer micelles. One example is stimuli-responsive hydrotropic

polymer micelles which were derived from PEG–P(2-VBOPNA) copolymers. In this system, PEG

is freely water-soluble, independent of pH, whereas P(2-VBOPNA) is known to be soluble in water

only when the hydrotropic PNA groups are protonated. P(2-VBOPNA) is soluble in low pH but

loses its water-solubility above a critical pH (pH 2.5). Thus, the PEG–P(2-VBOPNA) copolymers,

as expected, dissolved molecularly as unimers at low pH but become amphiphilic above pH 2.5.

The combination of PEG and P(2-VBOPNA) in a block copolymer provides an opportunity to

undergo pH-responsive micellization by controlling solution pH. Figure 19.6 shows pH-depen-

dency of scattering intensity of PEG–P(2-VBOPNA) by dynamic light scattering.

As solution pH increases, scattering intensity increases abruptly above pH 2.0, accompanied by

the formation of micelles around pH 3.0 of which sizes were about 35 nm. As pH of the aqueous

solution of the block copolymers is increased from 2 to 3, the degree of protonation of PNA groups

decreased, and thus the P(2-VBOPNA) block becomes progressively more hydrophobic, as

expected. 1H NMR analysis is also a good tool to confirm the pH-responsive micellization of

PEG–P(2-VBOPNA) (Figure 19.7).

At pH 1, the block copolymers are fully solvated, and thus the signals assigned for the each

block are clearly visible. On the other hand, at pH 7.4, the resonance peaks of P(2-VBOPNA)

disappear while the signals from PEG are still evident, which indicates the poor solvation and/or

limited molecular motion of P(2-VBOPNA) blocks. This result strongly supports the formation of

micelles consisting of P(2-VBOPNA) as a hydrophobic inner core and PEG as a hydrated outer

shell. Using this unique pH-sensitive micelle system, it may be suggested that PEG-b-

P(2-VBOPNA) allows a unique drug-loading method into polymeric micelles, where drug

molecules are initially solubilized exclusively by the interaction with hydrotropic

P(2-VBOPNA) block at low pH, and then drugs are possibly encapsulated into inner core of

micelles upon pH-responsive micellization. The use of hydrotropic block copolymers showing

pH-responsive micellization does not need organic solvents during the drug loading process.

The ideal oral delivery systems for anti-cancer drugs need the two following physicochemical

properties to maximize oral bioavailability of drugs: the fast drug release during the transit of GI,

and the prolonged retention time in the GI tract. The former was known to be the characteristic of

hydrotropic polymer micelles. Thus, if the design of hydrotropic polymer micelles showing

mucoadhesion property is possible, the idealized delivery systems can be developed based on

hydrotropic polymer micelles. The study on the degradation kinetics of paclitaxel in aqueous
TABLE 19.3
Exemplary Copolymers of PEG and Hydrotropic Polymers Synthesized

from Modified Hydrotropic Agents

Poly(ethylene glycol)-block-poly(2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide)

Poly(ethylene glycol)-block-poly(2-(4-vinylbenzyloxy)-N-picolylnicotinamide)

Poly(ethylene glycol)-block-poly(2-(4-vinylbenzyloxy)-nicotinamide)

Poly(oligoethylene glycol methacrylate-co-poly(2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide)

Poly(oligoethylene glycol methacrylate-co-poly(2-(4-vinylbenzyloxy)-N-picolylnicotinamide)

Poly(oligoethylene glycol methacrylate-co-poly(2-(4-vinylbenzyloxy)-nicotinamide)
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TABLE 19.4
Modified Hydrotropic Monomers That Can Be Used in the Synthesis of Hydrotropic Polymer Micelles
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solutions at different pH values shows that a maximum stability of paclitaxel occurred in the pH 3–5

region.61 This provides a perfect opportunity to prepare mucoadhesive hydrotropic polymer micelle

formulation for oral paclitaxel delivery. One of the best mucoadhesive polymers is

poly(acrylic acid) (PAA), which is highly adhesion to biological mucosa at a pH lower than 5.

PAA at neutral pH is highly charged and highly water-soluble, and can provide a hydrophilic

segment of the block copolymers. Upon contact with the stomach’s low pH, the polymer

becomes highly mucoadhesive. Alternatively, PAA can be treated at pH 5 to provide the mucoad-

hesive property. Because of the highly hydrophilic properties of PAA, it can replace the PEO

segment of the block copolymers. Thus, the design of the block copolymer consisting of PAA

and the hydrotropic block may provide the useful oral formulations of poorly soluble anti-

cancer agents.
19.4.5 HYDROTROPIC POLYMER MICELLES AS CARRIERS FOR ANTI-CANCER DRUGS

Hydrotropic micelles were first examined for their ability to solubilize paclitaxel, a good example

of an anti-cancer drug with extremely low water solubility.27 Due to the high potential of paclitaxel,

many formulations have been developed to increase water solubility. Although the polymeric

micelles based on the amphiphilic block copolymers have shown high potential as drug solubilizing

systems, most polymeric micelles have shown limited solubilizing capacity for paclitaxel, and, in

most cases, maximum contents of paclitaxel loaded into micelles was around 20 wt%.9,20,25

Besides, a simple polymer design may not predict whether the resulting polymer micelles show

high solubilizing capacity. A more serious limitation is the poor stability of paclitaxel-solubilized

polymeric micelles in water, which becomes lower as the content of paclitaxel increases.20 Of the

properties of solubilizing systems, a high solubilizing capacity and a good physical stability are the

two most important factors in determining whether the drug delivery systems are clinically useful.

The goal of using hydrotropic polymer micelles is to develop a hydrotropic polymeric micelle that

has a high solubilizing capacity for poorly water-soluble drugs, as well as a good long-term

stability. Because an identified hydrotrope for a specific drug is introduced as a core component

in a highly localized way, paclitaxel solubilization may be presented by the synergistic effect of

both hydrotropic and micellar solubilization. The poor colloidal stability of existing micelles is

normally caused by the enhanced hydrophobicity of micelles after solubilization of paclitaxel.

Hydrotropic moieties, characterized by a strong hydrophilic nature, are expected to allow good

stability for paclitaxel-loaded micelles in water. Huh et al. described the superiority of the hydro-

tropic polymer micelles relative to current polymeric micelles, and how the hydrotropic polymer

micelles are different from existing systems.27 These questions can be answered by comparing their

drug loading and physical stability. The loading capacity of the normal polymer micelles for poorly

soluble drugs is decided by various factors, such as the length of the core-forming polymer, and

compatibility between drugs and the core-forming polymers.1 Of these factors, the compatibility is

the most significant in determining the solubilizing capacity. One parameter that has been used to

assess the compatibility between solubilizates and the polymer is Flory–Huggins interaction par-

ameter as described in Section 19.2.4.1 This value is dependent on both the selected drug and the

polymer. Due to the uniqueness of each drug, no single core-forming block can maximize the

solubilization level for all drugs. Therefore, the first priority is to find or synthesize the right

structure for effective solubilization of selected drugs. However, the number of biocompatible

polymers is limited, and an added difficulty of the synthesis step is the screening of a large

number of the polymer structures for effective solubilization of the selected drug. On the other

hand, the hydrotropic approach is simpler and less labor-intensive, even though a screening process

is also required. Many hydrotropes can be identified for a selected drug by a simple mixing

procedure, and the broad range of the chemical structure can be readily screened.25 The key

concept of the hydrotropic polymer micelles is based on the hydrotrope containing core-forming

polymers. Thus, the systematic design affords more efficient systems for solubilizing poorly soluble
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anti-cancer drugs. Another advantage of this approach is the enhanced physical stability of the

formulations. This property is one measure that distinguishes hydrotropic polymer micelles from

normal polymer micelles. Conventional polymer micelles have a polymer with a strong hydro-

phobic nature, specifically the drug solubilization has been expected only from the hydrophobic

interaction between drugs and the inner core. Often, polymer micelles with drugs cannot overcome

the enhanced hydrophobicity and the secondary aggregation between micelles, resulting in precipi-

tation. From this point of view, the hydrotropic polymer micelles provide the formulations with

good stability, even at a high loading of poorly soluble anti-cancer drugs, due to the hydrophilic

nature of the hydrotropes residing in the micellar core domains. Of course, the same approach can

be used for solubilization of other poorly soluble drugs. Huh et al. reported results on the solubil-

izing (loading) effect of the hydrotropic polymer micelle for paclitaxel by a dialysis method.

The results are illustrated in Figure 19.8.

The hydrotropic polymeric micelles solubilized paclitaxel at a level of 18.4–37.4 wt%,

depending on the organic solvents used in the dialysis and the initial feed weight ratio of paclitaxel

to the block copolymer. The loading content normally increases to certain feed-weight ratios of

paclitaxel to the block copolymer. However, as the amount of paclitaxel was further increased,

precipitates of unloaded paclitaxel formed during dialysis, resulting in the decreased loading

contents. The maximum loading was observed with initial feed weight ratio of 1:0.5. When aceto-

nitrile and the feed weight ratio of 1:0.5 were used the loading content was as high as 37.4 wt%,

which was not possible with existing polymeric micelle systems. The maximum loading content of

paclitaxel in a control micelle of PEG2000–PDLLA2000 was estimated to be 27.6 wt%, which is close

to the literature value. Loading capacity of PEG–PDENA micelles for paclitaxel was enhanced by

increasing the block length of PDENA.

Poor physical stability of drug-loaded micelles, which causes serious problems in drug formu-

lation, has been often addressed. There is often a compromise between loading content and stability

in polymeric micelle systems. Drug-loaded micelles may break up more easily in aqueous media,

resulting in drug precipitation. The physical stability of polymer micelles was investigated by

several methods and compared. PEG–PLA micelles that have been extensively used to solubilize

paclitaxel demonstrated a high loading capacity, but showed drug precipitation after 24 h.

The initial transparent micelle solution became translucent, or turbid, after 24 h. Similar results

have been reported in the literature.20,21,25 On the other hand, PEG–PDENA micelle solutions were

observed to be stable for several weeks without drug precipitation at the same or higher loading

contents of paclitaxel.
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The loading content of paclitaxel in polymer micelles was reported as a function of time.

As shown in Figure 19.9, the paclitaxel content in PEG–PDENA micelles was maintained for

more than 30 days.27

In contrast, the PEG–PLA micelle showed a dramatic decrease in paclitaxel content after three

days, which resulted from drug precipitation. The stability of drug-loaded PEG–PDENA micelles

was further confirmed by observing no change in micelle size and scattering intensity using

dynamic light-scattering measurements.

The paclitaxel release profiles of PEG–PDENA and PEG–PLA micelles were compared as

shown in Figure 19.10.27

For PEG–PDENA micelles, the micelles of 25.9 wt% loading released the most drug within

48 h, whereas the micelles of 31.3 wt% drug loading showed a much faster drug release that was

complete within 24 h. It was found that the faster release was from the micelles with higher drug

loading. The micelles with higher drug loading lead to a relatively lower polymer concentration.

Thus, there is less polymer–drug interaction in the micelles, thereby resulting in faster release

kinetics. The in vitro release data showed that paclitaxel was released faster from the hydrotropic

polymer micelles than from PEG to PLA micelles. The PEG–PLA micelles required almost 72 h to

release all the loaded paclitaxel. As indicated by the higher CMC values of PEG–PDENA micelles,

the hydrotropic polymeric micelles have less hydrophobic cores that may release the loaded

paclitaxel faster than more hydrophobic PLA cores. On the other hand, the release from paclitaxel

bulk powder was negligible, even after 74 h. (Figure 19.10).

The cytotoxicity of anti-cancer agents loaded in polymer micelle formulations is one measure

for determining whether the formulation is effective in delivering the drugs into the tumor cells.

The anti-tumor cytotoxicities of hydrotropic polymeric micelles and other control micelle systems

on various cell lines, as measured by ED50, are shown in Table 19.5. The resulting cytotoxicity of

hydrotropic polymer micelles and control micelles clearly show the superior cytotoxic properties

of hydrotropic micelles. The ED50 values of hydrotropic micelles are much lower than PEG–PLA

and PEG–PPA micelles. The most widely used polymeric micelles is PEG–PLA micelles, with the

maximum paclitaxel loading capacity of 24 wt%. Although the hydrotropic polymer micelles have

higher paclitaxel, loading up to 37 wt%, hydrotropic polymer micelles with only 20 and 25 wt%

paclitaxel loading were used to compare their efficacy with that of PEG–PLA micelles.

At equivalent paclitaxel loading, i.e., 25 wt% loading, hydrotropic polymer micelles were
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FIGURE 19.9 Changes in paclitaxel concentration of polymer micelles in distilled water. (From Huh, K.M.,

Lee, S.C., Cho, Y.W., Lee, J., Jeong, J.H., and Park, K., Journal of Controlled Release, 101, 59–68, 2005. With

permission.)
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substantially more effective. In the case of the MDA231 cell line, hydrotropic polymer micelles

were more than two orders of magnitude more effective. The data clearly indicate that hydrotropic

polymer micelles are not only more stable in aqueous solution, but also more effective for paclitaxel

delivery to the cells.

As mentioned in Section 19.4.2, the enhanced drug solubility can improve oral bioavailability

of drugs by suppressing the MDR effect. The excellent solubilizing ability of hydrotropic polymer

micelles for poorly soluble drugs can overcome this barrier, thereby enhancing drug absorption in

the GI tract. As a preliminary study, PEG–PDENA micelles were examined for the bioavailability

of loaded paclitaxel using an in vivo, chronically-catheterized rat model. Our initial study showed

that oral delivery of paclitaxel using PEG–PDENA micelles could result in the blood paclitaxel
TABLE 19.5
ED50 (mg/mL) of Paclitaxel and Paclitaxel (PTX)-Loaded Polymeric Micelles on Various

Tumor Cell Lines

Cancer Cell Lines

Samplesa HT-29 MDA231 MCF-7 SKOV-3

Doxorubicin (positive

control)

0.044 0.050 0.773 0.611

Paclitaxel 0.003 0.033 0.043 0.006

PTX-loaded HTM

(25 wt% loading)

0.005 0.002 0.002 0.001

PTX-loaded HTM

(20 wt% loading)

0.006 0.004 ! 0.001 0.008

PTX-loaded PLA-PEG

(24 wt% loading)

0.014 0.305 ! 0.001 0.015

PTX-loaded PEG–PPA 0.012 1.077 0.002 1.543

HTM alone 4.221 5.650 5.767 0.048

PEG–PLA alone 4.672 8.435 5.533 —

PEG–PPA alone 0.277 4.881 6.194 —

a PTX, paclitaxel; HTM, hydrotropic micelle; PLA, poly(lactic acid); PEG, poly(ethylene glycol); PPA, poly(phenylala-

nine).
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concentrations that are clinically significant. To increase oral bioavailability, hydrotropic polymer

micelles with other interesting functions can be developed. The systematic design of hydrotropic

polymer micelles for its faster drug releasing properties, as well as the prolonged retention during

through the GI tract, can provide an opportunity to develop ideal oral delivery systems for poorly

soluble anti-cancer drugs.
19.5 CONCLUSIONS AND FUTURE PERSPECTIVES

Hydrotropic polymer micelle formulation presents an alternative and promising approach in formu-

lation of poorly soluble drugs. Based on synergistic effect of the micellar characteristics and

hydrotropic activity, the hydrotropic polymer micelles exhibit a high drug loading capacity with

enhanced long-term stability in aqueous media. These unique properties make it highly attractive

for applications of controlled delivery of poorly soluble anti-cancer drugs. The hydrotropic polymer

micelles can be applied to many poorly soluble drugs and drug candidates by introducing the

identified hydrotropic structures for specific drug molecules. The hydrotropic polymer micelle is

in the early stages of the development, but due to its unique properties, the systematic design may

generate effective oral formulations applicable to many poorly soluble anti-cancer agents. The high

versatility of the hydrotropic polymer micelle in creating a broad range of drug formulations gives it

the potential for a broad range of formulations in pharmaceutical and biomedical applications.
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20.1 INTRODUCTION

Various drug delivery and drug targeting systems-based soluble polymers, nanoparticles made of

natural and synthetic polymers, nanocapsules, lipoproteins, liposomes, micelles, and many other

pharmaceutical carriers are currently widely used to minimize drug degradation and loss upon

administration, prevent harmful or undesirable side-effects, and increase drug bioavailability and

the fraction of the drug accumulated in the required (pathological) zone.1,2 Many of those drug

carriers are long-circulating3,4 because prolonged circulation maintains the required therapeutic

level of pharmaceuticals in the blood for extended time intervals, and it allows for slow accumu-

lation of high-molecular-weight drugs or drug-containing nanocarriers in pathological sites with

affected and leaky vasculature via the enhanced permeability and retention effect (EPR).5,6 It also

provides better targeting effects for specific ligand-modified drugs and drug carriers.7

The development of biocompatible, biodegradable, long-circulating, and specifically targeted

drug carriers for sparingly soluble pharmaceuticals that possess high loading capacities is attracting

a lot of attention because the therapeutic application of hydrophobic, poorly water-soluble agents

might be associated with serious problems as low water-solubility results in poor absorption and

low bioavailability upon oral administration.8 The aggregation of poorly soluble drugs upon intra-

venous administration might lead to an embolism9 and increased local toxicity at the sites of

aggregate deposition.10 However, the hydrophobicity (low water solubility) allows a drug molecule

to better penetrate a cell membrane when the molecular target for the drug is intracellularly

located,11,12 and this is especially important for certain anti-cancer agents, many of which are

bulky polycyclic compounds.13 To overcome some drugs’ poor solubility and to increase their
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bioavailability, certain clinically acceptable organic solvents are used in pharmaceutical formu-

lations such as ethanol or polyethoxylated castor oil (Cremophor EL)10 as well as drug carriers such

as liposomes14 and cyclodextrins.15 In addition, a lot of interest is currently expressed toward using

various micelle-forming substances in formulations of insoluble drugs.10
20.2 MICELLES, MICELLIZATION, AND DRUG DELIVERY

Micelles represent dispersed systems, consisting of particulate matter or dispersed phase that are

distributed within a continuous phase or dispersion medium and, under certain conditions (concen-

tration and temperature), are spontaneously formed by amphiphilic or surface-active agents

(surfactants) that are molecules that consist of two clearly distinct moieties differing in their affinity

toward a given solvent.16 They typically have particle sizes within a 5 to 50–100 nm range. The

concentration of a monomeric amphiphile where micelles (aggregates, including several dozens of

amphiphilic molecules and usually spherical in shape) appear is called the critical micelle (or

micellization) concentration (CMC). The lower the CMC value of a given amphiphilic polymer,

the more stable micelles are even at low net concentration of an amphiphile in the medium. This is

important from the practical point of view because upon dilution with the large volume of the blood,

only micelles with low CMC value still exist, whereas micelles with high CMC value may dis-

sociate into uinimers, and their content may precipitate in the blood. In aqueous media,

hydrophobic fragments of amphiphilic molecules form the core of a micelle that can solubilize

poorly soluble pharmaceuticals,17 whereas polar molecules will be adsorbed on the micelle

surface, and substances with intermediate polarity/solubility will be distributed in various

intermediate positions.

Micellization of biologically active substances is a wide-spread phenomenon that is important

for pharmacological action. For example, the increase in the bioavailability of a lipophilic drug

upon oral administration is attributed to drug solubilization in the gut by naturally occurring biliary

lipid/fatty acid-containing mixed micelles produced by organism upon the digestion of the dietary

fat. Surfactant micelles are also widely used as adjuvants and drug carrier systems, and in many

areas of pharmaceutical technology and controlled drug delivery research, micelles as drug carriers

provide a set of clear advantages.18–22 The solubilization of sparingly soluble drugs by micelle-

forming surfactants results in an increased water solubility of sparingly soluble drug and its

improved bioavailability, extended blood half-life upon intravenous administration, reduction of

toxicity and other adverse effects, enhanced permeability across the physiological barriers, and

substantial changes in drug biodistribution. In addition, being in a micellar container, the drug is

well-protected from possible inactivation under the effect of biological surroundings and does not

provoke toxic side effects on non-target tissues.

Polymeric micelles, especially popular in drug delivery research, are formed from block-copo-

lymers consisting of hydrophilic and hydrophobic monomer units with the length of a hydrophilic

block exceeding, to some extent, that of a hydrophobic one. These micelles contain the core of the

hydrophobic blocks stabilized by the corona of hydrophilic polymeric chains. If the length of a

hydrophilic block is too high, copolymers exist in water as unimers (individual molecules), whereas

molecules with very long hydrophobic block forms structure with non-micellar morphology.23 The

core compartment of the pharmaceutical polymeric micelle should demonstrate high loading

capacity, controlled release profile for the incorporated drug, and good compatibility between

the core-forming block and incorporated drug. The micelle corona should provide an effective

steric protection for the micelle. It should also determine for the micelle hydrophilicity, charge,

the length and surface density of hydrophilic blocks, and the presence of reactive groups suitable

for further micelle derivatization such as an attachment of targeting moieties. The listed proper-

ties control key biological characteristics of a micellar carrier including pharmacokinetics,
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biodistribution, biocompatibility, longevity, surface adsorption of biomacromolecules, adhesion to

biosurfaces, and targetability.1,24–30

PEG still remains the hydrophilic block of choice, although some other hydrophilic polymers

may be used to make corona blocks,31,32 whereas a variety of polymers was used to build hydro-

phobic core-forming blocks including propylene oxide,26,33
L-lysine,34,35 aspartic acid,36,37

b-benzoyl-L-aspartate,38,39 caprolactone,40,41
D,L-lactic acid,27,42 and many others. Phospholipid

residues can also be successfully used as hydrophobic core-forming groups.43 The use of lipid

moieties as hydrophobic blocks capping hydrophilic polymer (such as PEG) chains can provide

additional advantages for particle stability when compared with conventional amphiphilic polymer

micelles because of the existence of two fatty acid acyls that may considerably contribute to an

increase in the hydrophobic interactions in the micelle’s core. Although diacyllipid–PEG conju-

gates have been introduced into the area of controlled drug delivery as polymeric surface modifiers

for liposomes,44 the diacyllipid–PEG molecule itself represents a typical amphiphilic copolymer

with a bulky hydrophilic (PEG) portion and a very short, but extremely hydrophobic, diacyllipid

part. Similar to other PEG-containing amphiphilic block-copolymers, diacyllipid–PEG conjugates

were found to form micelles in an aqueous environment.45 A series of PEG–phosphatidylethano-

lamine (PEG–PE) conjugates was synthesized using egg PE and N-hydroxysuccinimide esters of

methoxy–PEG succinates with different MW of PEG fragments.44 HPLC-based gel permeation

chromatography showed that these polymers formed micelles of different sizes in water. The

stability of the polymeric micelles was confirmed by the fact that no dissociation into individual

polymeric chains was found following the chromatography of the serially diluted samples of

PEG–PE up to a polymer concentration of ca. 1 ml/ml corresponds to a micromolar CMC value

that is at least 100-fold lower than those of conventional detergents.46 Such low CMC values

indicate that micelles prepared from these polymers will maintain their integrity even upon

strong dilution (for example, in the blood during a therapeutic application). High stability of

polymeric micelles allows also for good retention of encapsulated drugs in the solubilized form

upon parenteral administration. PEG–PE micelles also can efficiently incorporate a broad variety of

sparingly soluble and amphiphilic substances including paclitaxel, tamoxifen, camptothecin,

porphyrine, vitamin K3, and others.47–49

Among other factors influencing the efficacy of drug loading into the micelle are the sizes of

both core-forming and corona-forming blocks.50 In the first case, the larger the hydrophobic block,

the bigger core size and the ability of micelle to entrap hydrophobic drugs. In the second case, the

increase in the length of the hydrophilic block results in the increase of the CMC value, i.e., at a

given concentration of the amphiphilic polymer in solution the smaller fraction of this polymer will

be present in the micellar form and the quantity of the micelle-associated drug drops. Incorporation

into polymeric micelles is beneficial for various sparingly soluble drugs. Therefore, doxorubicin

incorporated into Pluronicw micelles demonstrated superior properties as compared to free drugs in

the experimental treatment of murine tumors (leukemia P388, myeloma, and Lewis lung carci-

noma) and human tumors (breast carcinoma MCF-7) in mice.51 In addition, the reduction of the side

effects of the drug was observed in many cases. The toxicity decrease (smaller vascular damage and

liver focal necrosis) was found for the polymeric micelle-incorporated anti-tumor drug KRN5500.52
20.3 TUMOR TARGETING OF POLYMERIC MICELLES

Making micelles capable of specific accumulation in desired areas in the body (tumors) can further

increase the efficiency of micelle-encapsulated pharmaceuticals. The simplest way to achieve this is

to rely on previously mentioned preferential accumulation of drug-loaded micelles in areas with

compromised vasculature (tumors and infarcts) via the EPR effect that is based on the spontaneous

penetration of long-circulating macromolecules, molecular aggregates, and particulate drug carriers

into the interstitium through the leaky blood vessels in certain pathological sites in the body.
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It has been shown that the EPR effect is typical for solid tumors and infarcts.5,6 Micelles prepared

from PEG–PE conjugates with different length of the PEG block demonstrated much higher

accumulation in tumors compared to non-target tissue (muscle) in experimental Lewis lung carci-

noma (LLC: tumor with a relatively low vascular permeability)53,54 in mice. The peak uptake is

achieved around five hours post-injection, and the maximal total tumor uptake of the injected dose

within the observation period (AUC) was found for micelles made PEG–PE with the largest size of

the PEG block (5,000 Da). This was explained by the fact that these micelles had little extravasation

into the normal tissue compared to micelles prepared from the shorter PEG–PE conjugates.

Micelles prepared from PEG–PE conjugates with shorter PEG, however, might be more efficient

carriers of poorly soluble drugs because they have a greater hydrophobic-to-hydrophilic phase ratio

and can be loaded with drugs more efficiently on a weight-to-weight basis. Similar results were also

obtained in another murine tumor model, EL4 T cell lymphoma (EL4);55 see Figure 20.1.

It is important that tumor diffusion and accumulation parameters of nanosized pharmaceutical

carriers strongly depend on the cutoff size of tumor blood vessel wall, and the cutoff size varies for

different tumors.56–58 Because tumor vasculature permeability depends on the particular type of the

tumor,57 the use of micelles as drug carriers could be specifically justified for tumors whose

vasculature has the low cutoff size (below 200 nm). The use of PEG–PE micelles for the effective

delivery of a model protein drug (soybean trypsin inhibitor or STI, MW 21.5 kDa) to subcu-

taneously established LLC in mice was reported.54

An interesting targeting mechanism is based on the fact that many pathological processes in

various tissues and organs are accompanied with local temperature increase and/or acidosis.59,60

Micelles made capable of disintegration under the increased temperature or decreased pH values in

pathological sites (such as tumors) can combine the EPR effect-mediated accumulation with

stimuli-responsiveness. It was shown that micelles made of thermo- or pH-sensitive components

such as poly(N-isopropylacrylamide) and its copolymers with poly(D,L-lactide) and other blocks

acquire the ability to disintegrate in target areas, releasing the micelle-incorporated drug.61–65

pH-responsive polymeric micelles loaded with phtalocyanine seem to be promising carriers for

the photodynamic cancer therapy,66 whereas doxorubicin-loaded polymeric micelles containing

acid-cleavable linkages provided an enhanced intracellular drug delivery into tumor cells and,

therefore, higher efficiency.67

As with many other delivery systems, the drug delivery potential of polymeric micelles may be

further enhanced by attaching targeting ligands to their surface. The attachment of various specific

ligand to the water-exposed termini of hydrophilic blocks has been used to improve the targeting

of micelles and micelle-incorporated drugs and DNA.26,68,69 Among those ligands, various sugar

moieties can be named as well as70 transferrin,71 and folate residues72 because many target cells,
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FIGURE 20.1 Accumulation of PEG–PE micelles in tumors in mice compared to muscle accumulation.
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especially cancer cells, over express appropriate receptors (such as transferrin and folate receptors)

on their surface. Transferrin-modified micelles based on PEG and polyethyleneimine with sizes

between 70 and 100 are expected to target tumors with over expressed transferrin receptors.71

Similar targeting approaches were successfully tested with folate-modified micelles.73 Poly(L-

histidine)/PEG and poly(L-lactic acid)/PEG block copolymer micelles carrying folate residue on

their surfaces were shown to be efficient for the delivery of adriamycin to tumor cells in vitro,

demonstrating potential for solid tumor treatment and combined targetability and pH-sensitivity.74

Among all specific ligands, monoclonal antibodies, primarily of the IgG class, and their Fab

fragments provide the broadest opportunities in terms of diversity of targets and specificity of

interaction. Several successful attempts to covalently attach an antibody to a surfactant or poly-

meric micelles (i.e., to prepare immunomicelles) have been already described.22,26,71,75 By adapting

the coupling technique developed for attaching specific ligands to liposomes utilizing PEG–PE with

the free PEG terminus activated with p-nitrophenylcarbonyl (pNP) group,76 PEG–PE-based immu-

nomicelles have been prepared modified with monoclonal antibodies (see the principal reaction

scheme in Figure 20.2). The micelle-attached protein was quantified using fluorescent labels or by

SDS-PAGE,75,77 and it was calculated that 10–20 antibody molecules could be attached to a single

micelle. Antibodies attached to the micelle corona preserve their specific binding ability, and

immunomicelles specifically recognize their target substrates as was confirmed by ELISA experi-

ments while the micelles maintain essentially the same size as non-modified ones.75

One has to keep in mind, however, that whole antibody attachment to the micelles (as well as to

any other drug carriers) might provoke faster clearance from the circulation as a result of uptake by

Fc receptor-bearing Kupffer cells. To test if the antibody attachment affects the blood clearance of

PEG–PE micelles, the comparison was made of the clearance characteristics of plain and antibody-

modified micelles in mice; it was found that PEG–PE micelle modification with an antibody had a

very small effect on their blood clearance.75

To specifically enhance the tumor accumulation of PEG–PE-based micelles, they have been

modified with tumor-specific monoclonal antibodies.75,77 Non-pathogenic monoclonal antinuclear

autoantibodies with the nucleosome-restricted specificity (monoclonal antibody 2C5, mAb 2C5

being among them) that recognize the surfaces of numerous tumor, but not normal, cells via tumor

cell surface-bound nucleosomes78,79 were used in these experiments. Because these antibodies bind

a broad variety of cancer cells, they may serve as specific ligands for the delivery of drugs and drug

carriers into tumors. The data shown in Figure 20.3a indicate that fluorescence (rhodamine)-labeled

2C5-immunomicelles effectively bind to the surface of several unrelated human and murine tumor

cells lines: human BT20 (breast adenocarcinoma), murine LLC (Lewis lung carcinoma), and EL4

(T lymphoma) cells. The incubation of antibody-free micelles with the same cells results in

virtually no micelle-to-cell association. Drug(paclitaxel)-loaded 2C5-immunomicelles also effec-

tively bound various tumors cells (Figure 20.3b). Such specific recognition of cancer cells by drug-

loaded mAb 2C5-immunomicelles results in dramatically improved cancer cell killing by such

micelles. Figure 20.3c presents the results of in vitro experiments with human breast cancer MCF-7

cells that showed a clearly superior efficiency of paclitaxel-loaded 2C5-immunomicelles compared

to paclitaxel-loaded plain or modified with a non-specific IgG micelles or free drug.

In vivo experiments with LLC tumors-bearing mice revealed a dramatically enhanced tumor

uptake of paclitaxel-loaded radiolabeled 2C5-immunomicelles compared to non-targeted micelles

(Table 20.1). For tumor accumulation experiments in vivo, LLC tumors have been grown in mice

subcutaneously injected with 20,000 LLC cells in 50 mL of 10 mM HBS into the left rear flank.

When tumor diameters reached 3–7 mm (8–12 days post inoculation), the mice were injected with
111In-labeled plain or mAb 2C5-bearing paclitaxel-loaded PEG–PE micelles via the tail vein. At

30 min or 2 h post injection, mice were sacrificed; tumors and muscle samples were collected and

analyzed for the presence of 111In radioactivity to estimate micelle accumulation in the tumor. To

estimate the actual tumor accumulation of the drug, samples of tumor tissues from mice receiving

ca. 100 mg paclitaxel per animal in plain PEG–PE micelles, in 2C5-immunomicelles, and the same
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FIGURE 20.3 Specific properties of PEG–PE-based 2C5-immunomicelles in vitro. (a) Enhanced binding of

rhodamine-labeled 2C5-immunomicelles with various cancer cells. (b) Enhanced binding of rhodamine-

labeled drug(paclitaxel)-loaded 2C5-immunomicelles with various cancer cells. (c) Increased cytotoxicity

of paclitaxel-loaded 2C5-immunomicelles toward cancer cells (with MCF7 cells as an example).

Tumor-Targeted Delivery of Sparingly-Soluble Anti-Cancer Drugs 415
quantity of paclitaxel in Cremophor EL/ethanol/saline mixture (free paclitaxel) were analyzed

30 min and 2 h post injection by HPLC. The results presented in the data in the Table 20.1

clearly demonstrate that paclitaxel-loaded mAb 2C5-immunomicelles accumulate in tumors sig-

nificantly better than drug-loaded plain micelles or free drugs and bring into tumors more drug

(paclitaxel) than any other preparation. An enhanced accumulation of 2C5-targeted micelles over

plain micelles in the tumor (up to 30%) was observed both at 30 min and at 2 h post injection

indicating the specific recognition and tumor binding of 2C5-targeted immunomicelles. These data

suggest the possibility that drug-loaded immunomicelles may also be better internalized by tumor

cells similar to antibody-targeted liposome,80 delivering more drug inside tumor cells that might be

achieved in case of simple EPR effect-mediated tumor accumulation. By analyzing the absolute

quantity of tumor-accumulated paclitaxel (HPLC81) delivered by different drug formulations, it was

shown that 2C5-immunomicelle was bringing into tumors substantially higher quantities of pacli-

taxel than in the case of paclitaxel-loaded non-targeted micelles or free drug formulation

(Taxolw)(see Table 20.1). The difference in tumor accumulation of paclitaxel in immunomicelles

compared to other drug preparations was larger at 2 h post injection than at 30 min post injection,

explained by the accumulation of different preparations in different tumor compartments. Non-

targeted paclitaxel formulations accumulate in the interstitial space of the tumor via the EPR effect
TABLE 20.1
Paclitaxel-Loaded PEG–PE-Based Micelles In Vivo

Paclitaxel in Pain Micelles Paclitaxel in 2C5-Micelles Free Paclitaxel

Tumor accumulation of

micelles (% dose/g of tumor)

4.15G0.36 6G0.10 n/a

Tumor accumulation of

paclitaxel (ng/g of tumor)

200G30 850G40 130G25

Inhibition of tumor growth (%) 35G5 74G34 23G4

Accumulation measured 2 h post injection. Tumor growth inhibition measured over 10 days. Immunomicelles show the

highest accumulation of all preparations, bring the maximum quantity of the drug into tumor, and allow for maximum

inhibition of tumor growth.
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and eventually drug could be cleared from the site after gradual micelle degradation. Contrary to

that, paclitaxel-loaded 2C5-immunomicelles are internalized by cancer cells and keep the drug

inside the tumor in a way similar to what was observed with drug-loaded anti-her2 immunolipo-

somes.80 The internalization by tumor cells may be highly therapeutically significant for many anti-

tumor agents. For example, a much higher tumor regression was observed with a carrier capable of

intracellular drug delivery for an equal doxorubicin dose delivered to the tumor.80 It results in a

higher therapeutic efficiency of paclitaxel-loaded mAb 2C5-micelles. The average weight of

excised tumors in the group treated with paclitaxel in mAb 2C5-immunomicelles was approx.

0.7 g compared to 1.6 g and 1.4 g in groups treated with the same quantity of paclitaxel as free

drug or in plain PEG–PE micelles, respectively, (P!.05 in both cases). The weight of untreated

tumors was around 2.0 g (Table 20.1).

Recently, a poorly soluble photodynamic therapy (PDT) agent, meso-tetratphenylporphine

(TPP), was effectively solubilized using non-targeted and tumor-targeted polymeric micelles

prepared with PEG–PE.82 Encapsulation of TPP into PEG–PE-based micelles and 2C5-immuno-

micelles (bearing an anti-cancer monoclonal 2C5 antibody) resulted in significantly improved anti-

cancer effects of the drug at PDT conditions against murine (LLC, B16) and human (MCF-7, BT20)

cancer cells in vitro. For this purpose, the cells were incubated for 6 h or 18 h with the TPP or TPP-

loaded PEG–PE micelles/immunomicelles and then light-irradiated for 30 min. The phototoxic

effect depended on the TPP concentration and the light dose (the duration of light-irradiation)

(see some data in Figure 20.4). An increased level of apoptosis was shown in the PDT-treated

cultures. The attachment of the anti-cancer 2C5 antibodies to TPP-loaded micelles provided the

maximum level of cell killing at a given time. Therefore, drug-loaded immunomicelles may also

represent a useful formulation of the photosensitizer for practical PDT.

Certain polymeric micelles possess a very high stability and ability to carry a variety of poorly

soluble pharmaceuticals, and they can be used as targeted drug delivery systems into tumors. The

tumor targeting can be achieved via the EPR effect by making micelles of stimuli-responsive

amphiphilic block-copolymers or by attaching specific targeting ligand molecules (such as folate

of transferrin) to the micelle surface. Tumor-specific immunomicelles can be prepared by coupling

monoclonal antibody (such as antinucleosomal monoclonal antibody) molecules to pNP groups on

the water-exposed terimini of the micelle corona-forming blocks. The micelle-coupled antibodies

preserve their specific activity, and immunomicelles prepared with the use of the cancer-specific

mAb 2C5 specifically bind to different cancer cells in vitro, demonstrating increased accumulation
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FIGURE 20.4 Improved killing of cancer cells with the drug loaded into tumor-specific 2C5-immunomicelles

under the PDT conditions. Phototoxicity of free TPP and TPP encapsulated in PEG–PE micelles and 2C5-

PEG–PE-immunomicelles after light irradiation towards BT20 (human breast adenocarcinoma) cells; all

preparations were pre-incubated with cells for 18 h): Cfree TPP; $TPP in PEG–PE micelles; %TPP in

2C5-PEG–PE-immunomicelles.
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in experimental tumors in vivo. Being loaded with poorly soluble anti-cancer drugs (such as

paclitaxel, camptothecin,83 or photodynamic therapy agents),82 mAb 2C5-immunomicelles demon-

strate significantly increased cytotoxicity toward tumor cells in vitro and in vivo.
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21.1 INTRODUCTION

Chemotherapy is often complicated by toxic side effects of anti-cancer drugs. Also, effective

chemotherapy regimens are frequently hindered by the resistance of tumor cells to one or more

drugs [cross-resistance or multidrug resistance (MDR)]. The MDR is either inherent or acquired in
421
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the process of chemotherapy. Developing new tumor-localized chemotherapeutic modalities for

treatment of drug-sensitive and MDR tumors is a major goal of current research in academia and

industry. Towards this end, nanoparticle-based drug delivery combined with a localized drug

release from carrier in the tumor volume is a promising approach to targeted chemotherapy.

This chapter reviews the state of the art in drug targeting to tumors using polymeric micelles as

drug carriers and tumor-localized ultrasound as a means to trigger drug release from micelles in the

tumor volume. Ultrasound enhances the intracellular drug uptake and sensitizes MDR tumors to the

action of conventional drugs.
21.2 POLYMERIC MICELLES AS DRUG CARRIERS

The polymeric micelles are formed by hydrophobic–hydrophilic block copolymers at concen-

trations above the critical micelle concentration (CMC). Below the CMC, block copolymer

molecules exist in a solution in the form of individual molecules (unimers). At concentrations

above the CMC, copolymer molecules self-assemble into dense micelles with hydrophobic cores

and hydrophilic corona. The amphiphilic character of block copolymer micelles, their size

(approximately 10–150 nm), and surface properties provide for a high drug loading capacity and

long circulation time in the vascular system. This makes them attractive drug carriers.1,2

21.2.1 ADVANTAGES AND SHORTCOMINGS OF POLYMERIC MICELLES AS DRUG CARRIERS

Drug encapsulation in micelles decreases systemic concentration of drug and diminishes intra-

cellular drug uptake by normal cells, thus reducing unwanted drug interactions with healthy tissues.

The important advantage offered by polymeric micelles is a so-called “enhanced penetration and

retention (EPR) effect”3 that provides for a selective accumulation of micellar-encapsulated drugs

in tumor interstitium; in turn, this offers prospects for controlled drug release in the tumor volume.

The simplicity of micelle formation by self-assembly of amphiphilic block copolymer

molecules and drug encapsulation by physical mixing rather than chemical conjugation are extre-

mely attractive features of polymeric micelles.

Another important advantage offered by polymeric micelles is related to solubilization of drugs

with poor aqueous solubility. Most anti-cancer drugs are lipophilic; thus, they have low aqueous

solubility; conventional solubilizing agents, currently in use for the formulation of low-solubility

drugs, are usually very toxic. Use of polymeric micelles as solubilizing agents results in dramati-

cally increased aqueous solubility, and substantially decreased systemic toxicity of clinical

formulations of paclitaxel (PTX), doxorubicin (DOX), and many other anti-cancer drugs.4–18

Various polymeric micellar systems have been designed to optimize important parameters of

drug performance, such as aqueous solubility, on-demand release, and biological distribution. In

this context, the most thoroughly studied are the micelles that comprise of poly(ethylene oxide)

(PEO) as a hydrophilic block (or blocks). Examples of these include PEO-b-poly(propylene oxide)-

b-PEO copolymers (Pluronicw), PEO-b-polyesters, and PEO-b-poly(amino acid)s.

The application of biodegradable, pH-sensitive micelles like those of poly(ethylene glycol)-co-

poly(L-lactide) (PEG–PLLA) or poly(ethylene glycol)-co-poly(caprolactone) (PEG–PCL), may be

especially attractive. If internalized by tumor cells via endocytosis, the micelles end up in the acidic

environment of endosomes and lysosomes, where their accelerated degradation will release the

encapsulated drug.

In vitro drug release from micellar systems is usually assessed either by dialysis through

semipermeable membranes or by gel-permeation chromatography. Unfortunately, the information

provided by these techniques is not directly pertinent to the in vivo behavior of drug-loaded

polymeric micelles. The systemic injection of micellar formulations is associated with substantial

dilutions and sink conditions. Because micelle formation is thermodynamically driven, when

diluted below the CMC, micelles dissociate into individual molecules (unimers), thus releasing
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their drug load. To prevent premature micelle dissociation and drug release upon injection, micellar

systems should have low CMC, glassy cores, or cross-linked cores. This may be achieved by

induction of strong hydrophobic interactions or hydrogen bonds in the micelle cores.19–21
21.2.2 POLYMERIC MICELLES IN CLINICAL TRIALS

Many micellar drug delivery systems showed promising results in in vitro and animal experiments,

but showed disappointing behavior in clinical trials.

The first clinical trials of micellar drug delivery systems began in this decade. Physically

encapsulated DOX in PEO5000-b-P(Asp)4000-DOX micelles (NK911 formulation) entered clinical

trials in Japan in 2001.22 In animal studies, NK911 demonstrated about 30-fold higher area-under-

the-curve (AUC) in plasma, higher tumor drug levels, lower toxicity, and higher therapeutic

activity. However, in clinical trials, NK911 showed the same spectrum of side effects as free

DOX, despite somewhat more favorable pharmacokinetic parameters. The discrepancy between

the expected and observed clinical results was most likely caused by a premature drug release from

micelles due to a very strong dilution of infused micellar solutions in the human circulatory system

(volume: w5 L) when compared to that of mice (volume: w2 mL). A drop-like infusion of micellar

drug delivery systems appears to have no prospect due to the dilution problem. Only bolus injec-

tions of reasonably stable micellar systems could provide for micelle preservation and drug

retention in circulation.

Aqueous Pluronicw solutions are another polymeric system suggested for DOX delivery,

especially for drug resistant cancers. Pluronicw copolymers in unimeric concentrations were

shown to hyper-sensitize drug resistance carcinoma cells and enhance response of resistant

tumors to chemotherapeutic agents.23–31 The reason behind this phenomenon is related to an

increased drug uptake caused by deactivation of drug efflux pumps; the latter process is associated

with Pluronicw-induced energy depletion in resistant tumor cells.32 In addition, favorable changes

in the intracellular trafficking of DOX occur in the MDR cells under Pluronicw action.30,33,34

Pluronicw formulation of DOX, known as SP1049C, was thoroughly investigated in animal

studies by Alakhov et al.35 Although this formulation is probably partly micellar, it is not expected

to retain micellar structure upon intravenous injections. In vivo, DOX and Pluronicw unimers

mostlikely move along independent routes. Not unexpectedly, the toxic level of DOX in

SP1049C formulation was shown to be similar to that of free DOX. The results of pharmacokinetic

and biodistribution experiments on SP1049C in Lewis lung carcinoma bearing C57BL/6 mice

showed a very moderate increase in plasma AUC. In anti-tumor efficacy studies using hemato-

logical and solid animal tumor models, SP1049C was shown to be more effective than free DOX at

an equal dose of 5 mg/kg.30

SP1049C entered preclinical and clinical trials in Canada in 1999.36 The toxicity profiles of free

DOX and Pluronicw formulation were identical, except for the histopathological changes in skin

and thymus, that were less pronounced with SP1049C. In 2004, Danson et al. reported on the results

of phase-I clinical trials of SP1049C.36 In this study, SP1049C was given to patients with histo-

logically proven cancer refractory to conventional treatments. The dose-limiting toxicity (DLT) in

humans, i.e., myelosuppression, was reached at 90 mg/m2 of SP1049C; therefore, a dose of 70 mg/

m2 was recommended for future trials. The pharmacokinetic profile of SP1049C was similar to that

of a clinical DOX formulation, except for a slower terminal clearance stage. SP1049C induced

temporal partial response in several patients with advanced solid tumors. The results were

considered promising, and the phase-II trials were initiated; their first results were recently reported

by Valle et al.37 In phase-II trials, SP1049C was evaluated in patients with less severe forms of

cancer. Patients received 75 mg/m2 of SP1049C (30 min intravenous infusion), four times a week,

for up to six cycles. The authors reported partial responses in some patients after 4–6 treatment

cycles. However, data showed appearance of hematological and nonhematological (especially
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cardiac) toxicities, presumably because DOX was not encapsulated and, therefore, not prevented

from the attack on the heart muscle.

PTX is another potential drug candidate for the delivery in polymeric micelles. PTX is a highly

hydrophobic molecule; for clinical use, PTX is solubilized with the aid of a significant amount of

Cremophor EL and ethyl alcohol.38 These formulations (Taxolw or PTX Injections) cause signi-

ficant systemic toxicity. Considerable efforts of various groups have been dedicated to developing

micellar formulations of PTX.4–6,9,39 However, except for the Japanese formulation NK105 and

Genexolw (see below), no other formulations have progressed to clinical trials due to a rapid loss of

drug from micellar carriers, resulting in the absence of advantages over clinical formulations.

In 2001, Kim et al. reported on PTX-loaded PEO-b-poly(D,L-lactide) (PEO2000-b-PDLLA1750)

micelles (Genexolw-PM) prepared by a solvent evaporation technique.39 The maximum tolerated

doses (MTDs) of Genexolw-PM and Taxolw for the intravenous (i.v.) administration in nude mice

were 60 and 20 mg/kg, respectively. This allowed a threefold higher administration dose of drug. In

animal studies, Genexolw-PM showed a better anti-tumor effect in ovarian and breast cancer mice

models than clinical Taxolw.

However, despite an increase in the administered dose, plasma AUC was 20-fold lower for the

micellar formulation, which was attributed to a fast release of drug from the micelles. Another

factor involved in the fast elimination of micellar PTX from the circulation could be related to the

uptake by the cells of the reticulo-endothelial system (RES). In all organs except plasma, PTX

biodistribution was comparable for a clinical formulation or Genexol-PM. In phase-I human trials,

micellar-encapsulated PTX allowed administration of a higher drug dose, but resulted in a lower

plasma AUC and a shorter PTX half life.40

Another type of polymeric micelles suggested for PTX delivery comprise PDLLA as a core-

forming block and poly(N-vinylpyrrolidone) (PVP) as a shell-forming block.41 The in vivo evalu-

ation of this system showed results similar to those for Genexolw-PM in regards to a reduced

plasma AUC.42 For the micellar formulation, the AUC was also reduced in liver, kidney, spleen,

and heart, but was not significantly changed in the tumor. For the polymeric micellar formulation,

MTD was not reached even at 100 mg/kg, whereas the MTD of Taxolw was 20 mg/kg. This allowed

a threefold increase of the therapeutic dose of PTX, resulting in a significant increase of the

anti-tumor activity of the polymeric system compared to Taxolw.

Polymeric micellar PTX formulation NK105 reported by Hamaguchi et al.43 comprises

micelle-forming block copolymer poly(ethelene oxide)-b-poly(4-phenyl-1-butanoate)-L-aparta-

mide (PEO-b-PPBA). This formulation demonstrated stealth and targeting properties. NK105

manifested a 86-fold increase in PTX plasma AUC compared to Taxolw, accompanied by a

25-fold increase for drug AUC in tumor, and a higher anti-tumor activity in C-26 tumor-bearing

mice. At a PTX dose of 100 mg/kg, tumors were completely resolved after a single administration

of NK105. This formulation is currently in phase-I clinical trials in Japan.

In summary, only a few polymeric micellar formulations have demonstrated success in clinical

trials. Polymeric micelles as drug carriers are either too stable, therefore incapable of providing

adequate drug release at the tumor site, or too unstable, thus prematurely releasing their

drug payload.

To overcome these complications, we have developed Pluronicw-based micellar systems that

withstand the destabilizing effects of the biological environment and effectively target tumors while

retaining their drug load.44 Various routes of micelle stabilization were tested for Pluronic

micelles;19 the optimal stability, low toxicity, and long circulation time of micelle-encapsulated

DOX was achieved by forming mixed micelles of Pluronicw and PEO-diacyl phospholipids44 or by

introducing a small concentration of oil in the micelle core to increase core hydrophobicity.19 The

on-demand release of DOX from micelles and an effective intracellular drug uptake by the tumor

cells was achieved by local ultrasound treatment of the tumor at a particular time after the drug

injection.44
q 2006 by Taylor & Francis Group, LLC



Combined Cancer Therapy by Micellar-Encapsulated Drugs and Ultrasound 425
Important advantages of ultrasound are that it is noninvasive, can penetrate deep into the

interior of the body, and can be focused and carefully controlled. Therapeutic tumor treatment

by ultrasound requires tumor imaging by diagnostic ultrasound prior to therapy. During the last

decade, combining diagnostic and therapeutic ultrasound in the same instrument has attracted ever

growing attention. Developing dual-modality systems that combine properties of ultrasound

contrast agents and drug carriers is a timely task.
21.3 ULTRASOUND IN DRUG DELIVERY

21.3.1 INTRODUCTION TO ULTRASOUND IN MEDICINE

Ultrasound consists of pressure waves generated by piezoelectric transducers, with frequencies at or

greater than 20 kHz. Like optical or audio waves, ultrasonic waves can be focused, reflected,

refracted, and propagated through a medium, thus allowing the waves to be directed to and

focused on a particular volume of tissue in a spatially and temporally controlled manner. Ultra-

sound technology allows for a high degree of spatial and dynamic control due to a favorable range

of energy penetration characteristics in soft tissue and the ability to shape energy

deposition patterns.

In medicine, ultrasound is used as either a diagnostic or a therapeutic modality. The main

advantage of ultrasound is its noninvasive nature; the transducer is placed in contact with a water-

based gel or water layer on the skin, and no insertion or surgery is required.

In current therapeutic applications, ultrasound is used mostly for tissue thermoablation.

Progress in imaging techniques has allowed ablating large tumor masses by high intensity

focused ultrasound (HIFU). HIFU instruments noninvasively deliver high intensity ultrasound

energy to predetermined volumes of the body.

However, the ablative techniques require delivering high acoustic energy to a well delineated

volume in the body over a substantial time period (up to several hours), which is associated with a

potential risk of ablating surrounding tissues due to a patient’s breathing or motion. Motion

correction is a serious concern in HIFU applications. In addition, some locations in the body are

screened by bones and not accessible for HIFU treatment.

In our lab, we have been developing a different mode of application of therapeutic ultrasound.

In this modality, tumor cell killing is based on the ultrasound-enhanced cytotoxic action of tumor-

targeted chemotherapeutic drugs rather than the mechanical or thermal action of ultrasound.45–56

This technology requires order of magnitude lower ultrasound energy, reducing the risk of coagu-

lative necrosis of healthy tissues associated with HIFU.

21.3.2 BIOLOGICAL EFFECTS OF ULTRASOUND

21.3.2.1 Cellular Level

The effect of ultrasound on the cellular level is usually attributed to formation of plasma membrane

defects (sonoporation) induced by cavitating microbubbles; the formation and collapse of micro-

bubbles is called inertial cavitation. This process has been investigated using a voltage clamp

technique.57–59 It was shown that sonoporation was substantially enhanced by ultrasound contrast

agents that nucleate inertial cavitation.60 The degree of membrane damage increased with

increasing duty cycle of pulsed ultrasound.59 Some membrane defects are resealed when ultrasound

is turned off (this is called transient sonoporation); a key role in membrane resealing is played by

Ca2C.58

In our experiments, ultrasound bioeffects on the cellular level were compared for the drug-

sensitive and multidrug resistant (MDR) A2780 ovarian carcinoma cells in the presence or absence

of DOX.61 Focused 1.1-MHz ultrasound was applied at varying peak negative pressures and DOX

concentrations. Cell viability, a degree of membrane damage, DOX uptake, and cell proliferation
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were measured. Cell incubation with the nucleic acid stain Sytox allowed discriminating between

the cells experiencing various degrees of plasma membrane damage. Fluorescence of Sytox is

negligible in the extracellular environment; when Sytox enters the cells and intercalates the

DNA, its fluorescence increases by several orders of magnitude. For the present application it is

important that Sytox does not penetrate into the cells with intact membranes; however, when cell

membranes are damaged, Sytox enters the cells and intercalates the DNA, which results in a

dramatic fluorescence increase.

Major results of our experiments on ultrasound bioeffects are listed below.
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† Under the action of ultrasound, cells with various degrees of membrane damage, inter-

mediate between viable and dead cells, were generated.

† At the same delivered ultrasound energy, higher ultrasound pressure caused more severe

membrane damage.

† A proliferation rate of sonicated multidrug resistant ovarian carcinoma A2780/AD cells

with compromised membranes was significantly lower than the proliferation rate of the

intact cells (Figure 21.1).

† The MDR A2780/AD cells manifested a higher susceptibility to ultrasound than parental

drug-sensitive A2780 cells (Figure 21.2).

† Introduction of DOX in the incubation medium increased cell susceptibility to the

ultrasound action. For the same ultrasound energy, the cells sonicated in the presence

of DOX manifested significantly higher membrane damage than the cells without DOX

(Figure 21.3). For the same initial DOX concentration in the incubation medium, the

effect of DOX was stronger at 378C than at room temperature suggesting that an

increased cell susceptibility to ultrasound was caused by DOX internalized by the

cells. We hypothesize that the effect of DOX may be associated with a destabilizing

action on the DNA molecule at the intercalation sites.
Very interesting data on the effect of ultrasound on the gene expression in multidrug resistant

Hep2D/ADR hepatic carcinoma cells were recently obtained in Chongqing Medical University by

Shao and Wu (Wu, F., personal communication). These researchers observed a noticeable suppres-

sion of the MDR1 gene expression in the cells sonicated by 0.8-MHz ultrasound; the BCL2/BAX

expression ratio was also substantially reduced, resulting in an enhanced apoptosis. The last effect

was significantly stronger in the MDR compared to parental cells.
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RE 21.1 Immediate cell viability (left group of bars) and proliferation at 378C for 72 h (right group

rs) for the A2780/AD cells sonicated (0.55 MPa, 15 s) in the presence or absence of various concen-
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These clinically important findings can be used for effective therapy of multidrug-

resistant tumors.

21.3.2.2 Systemic Level

In living organisms, the bioeffects of ultrasound are not limited to sonoporation. On a systemic

level, a very important role may be played by enhanced extravasation. Because of the adverse

effects that this may have in diagnostic ultrasound, extensive work has been done on studying

extravasation at various locations in the body and from various blood vessels, especially in

the process of heart imaging. Extravasation was substantially enhanced by ultrasound contrast

agents. Enhanced leakage of the die and erythrocytes from heart vessels was observed in several

studies.62–64 Erythrocyte extravasation under the action of contrast-enhanced ultrasound was also

observed in the kidney; it was shown that the effect of pulsed ultrasound was stronger than that of

continuous wave (CW) ultrasound.65

Although enhanced extravasation is an undesirable effect in ultrasound imaging, it may play a

very positive role in drug delivery, especially for the local delivery of macromolecular drugs or
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FIGURE 21.3 Effect of DOX on the immediate viability of drug-sensitive and MDR ovarian carcinoma cells

sonicated in suspensions by focused ultrasound; DOX concentration in the media is 10 mg/mL for the MDR

cells and 20 mg/mL for the sensitive cells. Ultrasound conditions: frequency 1.1 MHz, pressure 0.55 MPa,

duration 15 s, duty cycle 33%, room temperature. (Adapted from Kamaev, P., and Rapoport, N., Therapeutic

Ultrasound: 5th International Symposium on Therapeutic Ultrasound, Clement, G. T., McDannold, N. J., and

Hynynen, K., Eds., American Institute of Physics, Melville, NY, pp. 543–547, 2006. With permission.)
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drug-loaded nanoparticles. It was shown that ultrasound enhanced the extravasation of the macro-

molecular MRI contrast agent.66

21.3.3 ULTRASOUND-INDUCED DRUG RELEASE FROM POLYMERIC MICELLES

Ultrasound was shown to release DOX from the unstabilized and stabilized Pluronicw micelles.46,55

A degree of drug release depended on a number of ultrasound parameters—frequency, power

density, pulse length, and inter-pulse intervals.46 Examples of drug release profiles under CW or

pulsed ultrasound are presented in Figure 21.4. Measurements were based on a decrease of DOX

fluorescence when drug was transferred from the hydrophobic environment of micelle cores into the

aqueous environment. Measurements were performed in situ in the absence of cells.

As indicated by fluorescence profiles, drug release under the action of ultrasound pulses was

reversible and drug re-encapsulation proceeded during the inter-pulse intervals. Pulsed ultrasound

induced alternating cycles of micelle perturbation and restoration. Kinetic parameters of the drug

release and re-encapsulation indicated that both processes were controlled by motion of micelle-

forming macromolecules rather than diffusion of relatively small drug molecules.55

Low-frequency ultrasound was more effective in drug release from micelles than high-

frequency ultrasound (Figure 21.5). Low-frequency ultrasound can penetrate deeper into the

tissue than high-frequency ultrasound, but it does not allow sharp focusing.50 Therefore, in vivo,

high-frequency ultrasound could be used for irradiating small and relatively superficial tumors,

while low-frequency ultrasound could be used for larger and deeper located tumors.

21.3.4 ULTRASOUND-ENHANCED INTRACELLULAR DRUG UPTAKE

Without ultrasound, drug encapsulation in polymer micelles results in a significantly reduced intra-

cellular uptake. The degree of drug shielding depends on drug/micelle interaction, and is higher for
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FIGURE 21.4 Doxorubicin (DOX) release profiles from 10% Pluronic micelles under continuous wave (CW)

and pulsed 20 kHz ultrasound at a power density of 0.058 W/cm2 at various durations of ultrasound pulses and

inter-pulse intervals indicated in the figure. Measurements are based on the decrease of fluorescence intensity

when DOX is transferred from the hydrophobic environment of micelles cores into the aqueous environment.

(Adapted from Husseni, G. A. et al., J. Control. Release, 69, 43–52, 2000. With permission.)
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more lipophilic drugs. As an example, DOX uptake by ovarian carcinoma A2780 cells dropped by

50% after encapsulation in 10% Pluronicw micelles. For a more hydrophobic analog of DOX called

Ruboxyl, micellar encapsulation resulted in a decrease of the intracellular uptake by 66%.

Drug shielding by micelles reduces systemic concentrations of toxic drugs, diminishing side

effects. As an example, DOX encapsulation in PEO-b-poly(a-benzyl L-aspartate) (PEO–PBLA)

micelles allowed administering high concentrations of DOX to tumor-bearing mice without

toxic side effects.67 The same results were manifested by micelle-encapsulated PTX39–43

(see Section 21.2.2).

Ultrasound substantially enhanced the intracellular drug uptake from/with polymeric

micelles.45,50,56 Typical examples are shown in Figure 21.6.

Based on the results presented above, a new modality of tumor-targeted chemotherapy has been

suggested. According to this technology, micelle-encapsulated drugs are injected intravenously to

tumor-bearing subjects. Drug-loaded micelles are long-circulating (Figure 21.7), which provides

for their gradual accumulation in the tumor interstitium via the EPR effect (see below). At the time

corresponding to a maximal micelle accumulation, ultrasound is applied locally to the tumor. Under

the ultrasound action, drug is released from micelles in the tumor volume; the intracellular uptake

of drug by tumor cells is enhanced due to ultrasound-induced plasma membrane perturbation.

Important advantages of this technique are its noninvasive character, on-demand drug release,

and a prospect for sensitization of drug-resistant tumors.
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FIGURE 21.6 Fluorescence histogram of A2780 cells. (1) Control; (2)–(4): cells incubated for 30 min. with

20 mg/mL DOX encapsulated in PEG–PLLA micelles. (2) No ultrasound; (3) sonication for 30 s by CW

3-MHz ultrasound at 2.0 W/cm2; (4) sonication for 30 s by 1-MHz ultrasound at 3.4 W/cm2 and 33% duty

cycle. (From Gao, Z. and Rapoport, N., unpublished results.)

q 2006 by Taylor & Francis Group, LLC



Time, h

D
O

X
 C

on
ce

nt
ra

tio
n 

in
 p

la
sm

a,
 μ

g/
m

l 10

1

0.1

0.01
0 4 8 12 16 20 24

FIGURE 21.7 Pharmacokinetics of DOX dissolved in PBS (squares) or encapsulated in stabilized Pluronic

P-105 micelles (diamonds); mean values plus/minus standard deviations are presented, nZ4. (From Gao, Z.

and Rapoport, N., unpublished results.)
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In the following section, the results of the in vivo evaluation of the new therapeutic modality

are discussed.
21.4 IN VIVO EVALUATION OF THE DRUG/MICELLE/ULTRASOUND

TUMOR-TARGETING MODALITY

21.4.1 ULTRASOUND-INDUCED DRUG RELEASE FROM MICELLES IN VIVO

Drug release from micelles in vivo was confirmed in experiments described in studies by Gao,

et al.44 Ovarian carcinoma A2780 cells (2!106) were inoculated in peritoneal cavities of athymic

(nu/nu) mice. The next day, mice were treated intraperitoneally by 3 mg/kg DOX that was either

dissolved in PBS (designated “free DOX” hereafter) or encapsulated in 10% Pluronicw P-105

micelles. Treatment was combined or not combined with the ultrasonic irradiation of the abdominal

region of a mouse. Some groups of mice were treated by ultrasound without DOX. Tumor yields

and animal survival rates were monitored. The results are presented in Table 21.1.44

Without DOX, no effect of ultrasound on the tumor staging was observed; the tumors were

developed in 100% mice. Only a moderate effect of free DOX on the tumor development was

observed without ultrasound, tumor yield being reduced by 30%. However, when DOX and ultra-

sound were combined, tumor yields were reduced by about 60% for both free and micellar-

encapsulated DOX, which was accompanied by a statistically significant increase of the average

survival rates of corresponding animal groups. No differences were observed between the effects of

free or micellar-encapsulated DOX, suggesting that ultrasound did, indeed, trigger DOX release

from micelles in vivo.

The absence of the ultrasound effect in the absence of DOX indicated that tumor cell death was

associated with the ultrasound-enhanced cytotoxic action of DOX rather than mechanical or

thermal action of ultrasound itself.44

21.4.2 BIODISTRIBUTION OF POLYMERIC MICELLES AND MICELLAR-ENCAPSULATED DRUGS

The effect of ultrasound on biodistribution of polymeric micelles was studied using fluorescently

labeled Pluronicw P-105 micelles.47 The uptake of micelles by various organ cells was measured by

flow cytometry. A significant advantage of this technique is that it does not require organ
q 2006 by Taylor & Francis Group, LLC



TABLE 21.1
Tumor Yields and Survival Rates of Mice Inoculated on Day 0 with i.p. Injections of A2780

Ovarian Carcinoma Cells

Group
Number of Animals

in Group
Number of Internal

Tumors Tumor Yield (%) Survival Rate (Days)

PBS 17 17 100 40.6G8.2

PBSCUS 5 5 100 39.6G6.5

P-105 empty micelles 13 13 100 51.9G21.6

P-105 empty

micelles/US

13 13 100 47.2G9.0

DOX/PBSa 10 7 70 61.5G10b

DOX/PBS/USa 5 2 40 77.3G24

DOX/micelle/USa 11 4 36 91G27b

a The mice were treated on days 1, 4, 7, and 11; DOX at 3 mg/kg in various delivery systems was i.p. injected. One hour after

the DOX injection, some groups of animals were sonicated in the abdominal region for 30 s by 1-MHz ultrasound at a power

density of 1.2 W/cm2. By day 25, all control mice developed tumors. The last three groups marked by “a” were treated on

days 1, 26, and 35.

b pZ .01.

Source: Gao, Z., Fain, H., and Rapoport, N., J. Control. Release, 102, 203–221, 2005.
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homogenization, thus providing for direct measurements of carrier or drug concentrations inside the

cells, i.e., at the site of action.

A 100-mL solution of fluorescently labeled stabilized Pluronicw micelles was injected intrave-

nously through the tail vein to ovarian carcinoma bearing nu/nu mice. At various time points

ranging from 2 to 12 h after the i.v. injection, mice were sonicated for 30 s by 1-MHz or 3-MHz

ultrasound. Ten minutes after the ultrasound application, mice were sacrificed, tumor and other

organs excised, dried with filter paper, weighed, and sliced in trypsin. The individual cells of

various organs were fixed by 2.5% glutaraldehyde. Fluorescence of Pluronicw P-105 molecules

internalized by the cells of various organs was measured by flow cytometry.

Without ultrasound, a multimodal distribution of tumor cell fluorescence was observed for

the intravenous injections of the fluorescently labeled, stabilized Pluronicw micelles. A significant

fraction of the cells manifested a relatively low fluorescence (Figure 21.8, regular line). Fluor-

escence intensity of other organ cells was at the level of the autofluorescence of corresponding

cells. These data indicated low efficiency of the intracellular uptake of intact Pluronicw micelles.

A short (30-s ultrasound exposure) tumor sonication strongly enhanced the intracellular uptake of

Pluronicw molecules by the tumor cells (Figure 21.8, bold line), suggesting that before sonication,

micelles were effectively accumulated in the tumor interstitium but were not effectively interna-

lized by the tumor cells. Tumor sonication not only substantially enhanced micelle internalization,

but also resulted in a much more uniform fluorescence distribution over the tumor cell population,

suggesting an enhanced micelle diffusion over the tumor volume.47

The biodistribution of micellar-encapsulated DOX closely followed that of a micellar carrier.44

For micellar-encapsulated DOX without ultrasound, DOX uptake by the tumor cells was relatively

low. A local tumor sonication by 1-MHz ultrasound dramatically increased the intracellular uptake

of drug by the tumor cells (Figure 21.9). A similar effect was observed for PEG–PBLA micelles

(Figure 21.10).44 Somewhat enhanced DOX uptake by the cells of other organs was observed for

1-MHz ultrasound (data not shown). This was associated with a deep penetration of 1-MHz ultra-

sound in the mouse body, resulting in ultrasound scattering at various internal interfaces and/or
q 2006 by Taylor & Francis Group, LLC
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FIGURE 21.8 Fluorescence histogram of the tumor cells in (1) unsonicated, and (2) sonicated mouse; 5%

stabilized Pluronic micelles comprising 0.1% fluorescently labeled Pluronic P-105 were injected intravenously

to two subcutaneous A2780 tumor bearing mice; 4 h after the injection, the tumor of one mouse was sonicated

for a total of 60 s by 1-MHz ultrasound at 3.4 W/cm2 power density at 50% duty cycle (two 30-s sonications

were performed, with a 30-s interval between the sonications for cooling the ultrasound probe); both mice were

sacrificed 10 min after the completion of sonication. (Modified from Gao, Z., Fain, H., and Rapoport, N., Mol.

Pharmaceutics, 1, 317–330, 2004.)
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reflection from the skin/air interface at the site opposite to the transducer. This unwanted effect was

eliminated when tumor was irradiated by a more localized 3-MHz ultrasound (Figure 21.10).

21.4.3 EFFECT OF THE TIME OF ULTRASOUND APPLICATION

Measuring micelle accumulation in the tumor cells for various times of ultrasound application after

drug injection enabled the selection of optimal ultrasound application times. For the stabilized

Pluronicw micelles, the optimal time of ultrasound application was found to be between four and

eight hours after injection.44,47 The results were interpreted as follows. At shorter times, a large

number of micelles were still circulating in the vasculature while a lower concentration of micelles

was accumulated in the tumor interstitial space. At longer times, some clearance of micelles from

the tumor volume could already have occurred. The optimal time of ultrasound application is

expected to depend on the pharmacokinetics of a particular delivery system.

21.4.4 INHIBITION OF TUMOR GROWTH USING MICELLE/ULTRASOUND DRUG DELIVERY

21.4.4.1 Drug-Sensitive Tumors

Targeting of micellar-encapsulated drugs to tumor cells and uniform drug distribution in the tumor

volume result in a significant suppression of the growth of subcutaneous ovarian carcinoma tumors
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FIGURE 21.9 Fluorescence histograms of the tumor cells in (1) nonsonicated, and (2) sonicated mice injected

i.v. with DOX (6 mg/kg) encapsulated in mixed micelles. Mice were sonicated for 30 s by 1-MHz CW

ultrasound at a power density of 1.7 W/cm2 applied 8 h after the drug injection; nonsonicated and sonicated

mice were sacrificed 10 min later. (Modified from Gao, Z., Fain, H., and Rapoport, N., J. Control. Release,

102, 203–221, 2005.)
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FIGURE 21.10 Fluorescence histograms of (a) tumor, (b) kidney, (c) spleen, and (d) heart cells of (1)

nonsonicated (regular lines), and (2) sonicated (bold lines) mice injected with DOX (6 mg/kg) encapsulated

in PEG–PBLA micelles. Mice were sonicated for 30 s by 3-MHz CW ultrasound 12 h after the drug injection at

a power density of 1.8 W/cm2. (Adapted from Gao, Z., Fain, H., and Rapoport, N., J. Control. Release, 102,

203–221, 2005.)
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inoculated in nu/nu mice (Figure 21.11).44 However, the success of the treatment depended

dramatically on the stage of tumor progression at the start of the treatment. When the initial

tumor volume at the start of the treatment exceeded 250 mm3, none of the treatment modalities

was effective in suppressing tumor growth, which emphasizes a need for early tumor detection.

21.4.4.2 Drug Resistant Tumors

We have attained substantial success in treating multidrug resistant, poorly differentiated MCF-

7/ADmt breast cancer tumors by micellar-encapsulated PTX combined with ultrasonic tumor irradi-

ation. The MCF7/ADmt tumor cells expressed the MDR1 gene25 and were highly resistant to

treatment by clinical PTX formulation, Taxolw (PTX injection). However, tumor growth was

substantially suppressed when animals were treated by intravenous injections of a micellar PTX

formulation in conjunction with local tumor sonication (Figure 21.12) (the micellar formulation of

PTX, Genexolw was kindly donated by Samyang Pharmaceuticals Inc. (Korea)).

In vitro without ultrasound, the intracellular uptake of PTX from the micellar formulation was

significantly lower than that with PTX injection, which can be advantageous when used in vivo for

preventing unwanted drug interactions with healthy cells. Under ultrasound, drug uptake by the

MCF7/ADmt cells from micellar PTX formulation was increased more than 20-fold, which resulted

in the inhibition of cellular proliferation by nearly 90%.
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FIGURE 21.11 Growth curves of s.c. A2780 ovarian carcinoma tumors inoculated in female nu/nu mice;

DOX (3 mg/kg) was either dissolved in PBS (positive control) or encapsulated in mixed micelles; drug

injections were combined or not combined with tumor sonication. Treatments were initiated when the

tumor volume reached 75–125 mm3; three consecutive treatments were applied on days 1, 3, and 5. Ultrasound

parameters: frequency, 1 MHz; power density, 3.4 W/cm2; duty cycle 50%; duration, 30 s; time of application:

4 h after the i.v. injection of the drug. (Adapted from Gao, Z., Fain, H., and Rapoport, N., J. Control. Release,

102, 203–221, 2005.)
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The in vivo results are shown in Figure 21.12. As could be expected, without ultrasound,

clinical PTX and Genexolw both manifested low efficacy; in contrast, injections of Genexolw

combined with ultrasonic tumor irradiation resulted in a complete tumor resolution. Most impor-

tantly, the tumors treated by Genexolw/ultrasound did not metastasize, whereas tumors treated

without ultrasound manifested a high rate of metastasizing into lymph nodes and/or spleen.
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FIGURE 21.12 Growth curves of subcutaneous MCF7/ADmt tumors inoculated in female nu/nu mice; bolus

injections of a clinical paclitaxel formulation Paclitaxel injections or a micellar formulation Genexolw

provided by Samyang Pharmaceuticals, Inc. (Korea) were administered twice a week for two weeks intrave-

nously through the tail vein at a dose rate of 13 mg/kg/day. (From Howard, B., Gao, Z., and Rapoport, N., Am.

J. Drug Deliv., in press.)
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The aqueous base of the drug formulation, reduced systemic toxicity, potentials for tumor

targeting, and on-demand drug release triggered by ultrasound are important additional advantages

of micellar formulations of PTX.
21.4.4.3 Poorly Vascularized Tumors

A different type of drug resistance was observed for subcutaneously grown colon cancer HCT116

tumors. These tumors demonstrated very loose capillary networks and large necrotic areas filled

with ascetic fluid. HCT116 colon cancer tumors manifested strong resistance to the intravenous

drug injections independent on the delivery modality (Figure 21.13, upper set of curves). The

resistance was caused by poor vascularization of the tumor volume, resulting in insufficient drug

delivery to tumor cells.

Poor tumor vascularization represents a unique type of tumor resistance to chemotherapy. Upon

intravenous drug injections, avascular tumor regions receive insufficient levels of chemotherapeutic

agents; cancerous cells in these regions remain viable and promote tumor growth. This type of

resistance has not been widely discussed in the literature.

In our laboratory, successful treatment of HCT116 tumors was achieved by direct intratumoral

injections of micellar-encapsulated DOX (Figure 21.13, lower set of curves). The encapsulated

drug was effectively retained in the tumor volume, with very low, if any, accumulation in the cells

of other organs. In contrast, free DOX quickly leaked from the tumor tissue, and a short time after

the intratumoral injection of free drug, DOX was already found in the heart cells and those of other

organs, causing associated toxicity.

With the intratumoral injections of micellar encapsulated DOX, effective tumor suppression

was observed even without ultrasound (Figure 21.13). We hypothesize that a high hydrostatic

pressure generated by intratumoral injections forced drug-loaded micelles through cell membranes.

For therapy of poorly vascularized tumors, intratumoral injections of micellar-encapsulated

drugs present a viable alternative to inefficient intravenous injections.

The advantages of intratumoral injections were also observed for highly vascularized A2780

tumors. The beneficial effect of ultrasound was revealed in drug biodistribution experiments. For

the intravenous injections of micellar-encapsulated DOX, tumor sonication resulted in a
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FIGURE 21.13 Growth curves of HCT116 tumors upon the intravenous (upper group of curves) or intratu-

moral (lower group of curves) injections of DOX at a dose rate of 3 mg/kg. Intravenous injections: filled

diamonds—control, open triangles—DOX/PBS, open squares—DOX/mixed micelles/ultrasound; Intratu-

moral injections: open circles—DOX/mixed micelles, closed circles—DOX/mixed micelles/ultrasound.

(From Gao, Z. and Rapoport, N., unpublished results.)

q 2006 by Taylor & Francis Group, LLC



Nanotechnology for Cancer Therapy436
dramatically increased intracellular drug uptake; for the intratumoral injections of the same formu-

lation, the main effect of ultrasound was related to a much more uniform drug distribution over the

tumor cell population (Figure 21.14).

Intratumoral chemotherapy by nanoparticle encapsulated drugs could be advantageous for

tumors with well-defined primary lesions such as breast, colorectal, prostate, and skin cancers.

These procedures may be performed noninvasively or minimally invasively through intraluminal,

laparoscopic or percutaneous means under the guidance of an appropriate imaging modality such as

MRI, CT, or ultrasound. During the last decade, the interest in intratumoral chemotherapy has

significantly increased.68
21.4.5 MECHANISMS OF MICELLE/ULTRASOUND BIOEFFECTS

Ultrasound irradiation may play multiple roles in tumor therapy. Ultrasound may (1) induce thermal

effects, (2) enhance extravasation of drug-loaded micelles into the tumor interstitium, (3) enhance

drug diffusion through the tumor interstitium, (4) trigger drug release from micelles in the tumor

volume, and (5) enhance the intracellular uptake of both released and encapsulated drug at the

irradiation site. Though the relative importance of these factors remains to be further explored,

some conclusions can be drawn based on the results presented above.

Drug release from perturbed micelles under the action of ultrasound is undoubtedly an import-

ant factor in the ultrasound-enhanced drug uptake by the tumor cells from micellar carriers.

Ultrasound can also enhance the intracellular uptake of intact drug-loaded micelles due to cell

membrane perturbation. Another important component of the ultrasound effect is associated with

the ultrasound-enhanced diffusion of free or micellar-encapsulated drug over tumor tissue.

In summary, drug encapsulation in polymeric micelles combined with local ultrasonic tumor

irradiation results in effective tumor targeting and suppression of growth of drug-sensitive and

multidrug resistant tumors. The effect is associated with the ultrasound-enhanced cytotoxic action

of passively targeted or intratumorally injected micellar-encapsulated chemotherapeutic agents.
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FIGURE 21.14 Fluorescence histograms of A2780 tumor cells in (a) unsonicated, and (b) sonicated mouse;

DOX encapsulated in stabilized Pluronic micelles was injected at a dose of at 6 mg/kg (1) intravenously, and

(2) intratumorally; sonicated tumors were irradiated for 30 s by 1-MHz ultrasound at 3.4 W/cm2 power density

and 50% duty cycle 4 h after the drug injection. (From Gao, Z. and Rapoport, N., unpublished results.)
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This allows on-demand drug delivery and control of systemic, local, and subcellular

drug distribution.
21.5 COMBINING ULTRASOUND IMAGING AND TREATMENT

Ultrasonic tumor treatment requires tumor imaging prior to therapy. Using ultrasound for both

tumor imaging and treatment is especially attractive. Development of ultrasound contrast agents

and concomitant use of harmonic ultrasound imaging has recently made possible imaging of liver,69

breast,70 and prostate tumors.71 Ultrasound-stimulated acoustic emission of microbubbles was used

for color Doppler imaging of liver metastases.72

Some dual ultrasonic imaging/treatment techniques are already in clinical practice, others are in

the investigational stage. Examples include Sonablatew for prostate cancer treatment (Focus

Surgery, Inc., Indianapolis, Indiana) and a miniature ultrasound-based dual-modality device for

image guided soft tissue ablation (Guided Therapy Systems, Mesa, Arizona).

With dual-modality ultrasound instruments already on the market, developing dual-modality

ultrasound imaging/drug carrier systemswould be very timely.
21.5.1 DUAL-MODALITY CONTRAST AGENTS/DRUG CARRIER SYSTEMS

Ultrasonically enhanced site-specific drug delivery using acoustically activated drug-loaded micro-

bubbles was suggested by Ungar73 and Ferrara;74–77 these authors developed echogenic

microbubbles stabilized by lipid bilayers. Drug was incorporated in the oil layer located on the

microbubble surface. An effective ultrasound-triggered transfer of a solute from the modified

lipospheres to the tumor cells has been demonstrated. Polymeric ultrasound contrast agents with

targeting potentials have also been explored by the Wheatley group.78–81

Nano/microbubbles oscillate in the ultrasound field and can be cavitated for site-specific loca-

lized delivery of chemotherapeutic agents; they concentrate ultrasound energy and may be used for

enhancing drug delivery from micelles and other nanoparticles. Nano/microemulsions and micro-

bubbles are efficient reflectors of ultrasound energy, which may be used for contrast-enhanced

ultrasound imaging of tumor neovasculature.

We have recently developed a new class of these agents that combine diagnostic and thera-

peutic properties and can be used for ultrasonically enhanced drug delivery and tumor imaging. Our

microbubbles differ in a number of ways from the products on the market or those under develop-

ment by other groups:
q 2006
† The microbubbles are produced in situ upon injection of specially designed micro-

emulsions.

† The microbubbles have strong walls produced by biodegradable diblock copolymers; the

walls stabilize microbubbles for ultrasound imaging.

† The diblock copolymer not only forms microbubble walls but also forms polymeric

micelles that effectively encapsulate chemotherapeutic agents and act as drug carriers.

† Upon injection, a localized ultrasonic irradiation of the tumor in the presence of micro-

bubbles provides for effective intracellular drug uptake by the tumor cells, which results

in inhibition of tumor growth.
Echogenic nano/microbubbles designed to interact specifically with neovascular epithelium

may allow ultrasound imaging of small metastases. To ensure molecular targeting, the nano/micro-

particle surface should be decorated by site-specific ligands. In the future, we anticipate conjugating

block copolymer molecules with vectors that would target micelles and nano/microbubbles to the

receptors that are overexpressed on the endothelial lining of tumor neovasculature.
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21.6 CONCLUSIONS

In animal models, drug encapsulation within polymeric micelles combined with ultrasonic tumor

irradiation results in effective tumor targeting and inhibition of tumor growth. The effect is based on

ultrasonically triggered localized drug release from micelles and enhanced intracellular drug

uptake. This technique offers prospects for treating multidrug resistant tumors that fail conventional

chemotherapy. Dual-modality drug delivery/ultrasound contrast agent systems used with dual-

modality ultrasound imaging/treatment instruments are expected to allow precisely controlled,

ultrasound-enhanced tumor chemotherapy in a clinical environment.
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22.1 INTRODUCTION

The dose–response curves for cell cycle-phase nonspecific anti-cancer drugs, such as doxorubicin,

have been constructed from in vitro experimental results. The survival fraction of both wild-type

sensitive and resistant cancer cells decreases in a sigmoidal pattern as a function of log of dose size

(the survival fraction of the cells remains the same as the untreated control at low concentrations,

starts to sharply decrease above a specific concentration and reaches a plateau at high concen-

trations). The inflection point of the curves is drug specific and is shifted to a lower concentration

with an increasing duration of drug exposure. The inflection point for the resistant cells occurs at a

higher concentration region and shows a more gradual decrease in viability with increasing drug

concentration.1,2 Overall, the experimental results and theoretical fitting of these results give us a

simple implication that high dose exposure for a longer duration results in effective destruction.

Two classical nanosized anti-cancer drug carriers are liposomes and polymeric micelles. Each

carrier system shows advantages as well as disadvantages over the other. For instance, liposomal

carriers show continuous leakage of an entrapped drug with instability during storage and circula-

tion. Polymeric micelles demonstrate much improved stability, but they may still dissociate upon

dilution after injection and interact with blood components.3,4

Considering the dose–response relationship, it was suggested that future improvement in carrier

design, providing a triggerable mechanism for drug release upon reaching the tumor sites, could be

the most efficacious delivery strategy.5 Various approaches for externally stimulated triggered
443
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release have been attempted, including hyperthermic conditions6 used for thermosensitive lipo-

somes or polymeric micelles, and sonication7 used to trigger release from Pluronicw micelles.

In this chapter, polymeric micelles for the triggered release either by slightly acidic extracellu-

lar pH (pHe) or by early endosomal pH, are introduced. Triggered release by tumor pHe may allow

localized high-dose therapy, which is effective for sensitive cells. Active intracellular translocation

of the micellar carriers via specific interactions, combined with triggered release in early endo-

somes and endosomolytic activity of destabilized micelle components, has been proven to be

effective for treating multidrug-resistant tumors.
22.2 ACIDIC TUMOR pHe

The pHe of normal tissues and blood is around pH 7.4, and the intracellular pH (pHi) of normal cells

is around pH 7.2. However, in most tumor cells the pH gradient is reversed (pHiOpHe). Particu-

larly, pHe is lower than in normal tissues.8–11 Although there is a distribution of in vivo pHe

measurements of human patients having various solid tumors (adenocarcinoma, squamous cell

carcinoma, soft tissue sarcoma, and malignant melanoma) in readily accessible areas (limbs,

neck, or chest wall) using needle type microelectrodes, the mean pH value is reported to be 7.0

with a full range of 5.7–7.8,11 the variation being dependent on tumor histology and tumor volume.

Recent measurements of pHe by noninvasive technologies, such as 19F, 31P, or 1H probes in

magnetic resonance spectroscopy in human-tumor xenografts in animals, further verified consist-

ently low pHe.
12,13 All measurements of pHe of human and animal solid-tumors by either invasive

or noninvasive method showed that more than 80% of all measured values fall below pH 7.2. This

tumor pH can be further lowered by hyperglycemic conditions.14

The high rate of glycolysis in tumor cells, under either aerobic or anaerobic conditions, has

been thought to be a major cause of low pHe. The tumor cells synthesize ATP both by mitochondrial

oxidative phosphorylation and glycolysis. Glycolysis produces two moles of lactic acid (pKaZ3.9)

and two moles of ATP upon consumption of one mole of glucose. The hydrolysis of generated ATP

produces protons. Despite the high production rate of protons in tumor cells, their cytosolic pH,

particularly of resistant cells, is maintained to be alkaline, creating a favorable condition for

glycolysis. The mechanisms responsible for exporting protons out of the cells remain unknown.

This, along with the help of inadequate blood supply, poor lymphatic drainage, and high interstitial

pressure in tumor tissues, leads to low pHe.
8–10 However, it is of interest to note that in one study,

glycolysis-deficient variant cells (lacking lactate dehydrogenase) produced negligible quantities of

lactic acid but still presented an acidic environment.15 This finding has indicated the acidity may be

a phenotype of tumor cells rather than a consequence of cell metabolic events. The acidic environ-

ment may benefit the cancer cell because it promotes invasiveness (metastasis) by destroying the

extracellular matrix of surrounding normal tissues.

A few attempts for pH-triggered release using pH-sensitive liposomes have been described in

the literature,16,17 but a practical system that triggers the release at tumor pHe is far off because of

technical difficulties in endowing the desired pH sensitivity to the liposomes.
22.3 MULTIDRUG RESISTANCE AND CANCER

The resistance of cancer cells to multiple structurally unrelated chemotherapeutic drugs has been

termed multidrug resistance (MDR). Clinical resistance of some cancers to cytotoxic drugs has

been observed since the beginning of chemotherapy. The degree of resistance varies widely

depending on the type of cancer. In past years, various mechanisms for MDR have been proposed,

including the expression of cell surface multidrug efflux pumps (P-glycoprotein (Pgp)18 and

multidrug resistance-associated proteins (MRP1)19) altered glutathione metabolism,20 reduced

activity of topoisomerase II,21 and various changes in cellular proteins22–24 and mechanisms.25
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Strong evidence shows that the expression of (Pgp) is associated with drug-resistance in cancer.

Many attempts to circumvent Pgp-based MDR in cancer chemotherapy have utilized Pgp blocking

agents (MDR modulators or reverters),26–30 that can be co-administered with the anti-cancer drug.

This approach is based on the premise that inhibiting Pgp function will result in increased accumu-

lation of most anti-cancer drugs in the tumor cells and restore anti-tumor activity. However,

co-administration of MDR modulators with anti-cancer drugs has often resulted in exacerbated

toxicity of the anti-cancer drugs and very little improvement in chemosensitization of MDR cancers

because of the blockade of Pgp excretory functions in healthy tissues, such as liver and kidney,

which markedly reduces anti-cancer drug clearance.

Independently, acidic intracellular organelles also participate in resistance to chemotherapeutic

drugs. Parental drug sensitive cells are characterized to have rather acidic and diffused pH profile

inside the cells, while multidrug resistant cells develop more acidic organelles (recycling endo-

some, lysosome, and trans-Golgi network) compared to cytosolic and nucleoplasmic pH.31–33

Because most anti-cancer drugs are in an ionizable form, the pH of extracellular matrix and

intracellular compartments is a critical factor in determining drug partitioning and distribution. For

instance, weakly-basic drugs accumulate more in an acidic phase, where the ionized form predo-

minates, because an ionized drug is less permeable through cellular or subcellular membranes. This

is more pronounced in MDR cells.

It is claimed that the drug sequestration followed by transport to the plasma membrane and

extrusion into the external medium is another major mechanism for MDR for weakly-acidic

drugs.31,34 It is interesting to note that transfection of P-gp into certain sensitive cells is often

coupled with increased cytosolic pH. However, this is not the case for MCF-7 cell line. The

transfection did not influence the internal pH but induced 20-fold increased resistance. When the

same cell line was selected from an escalated doxorubicin treatment schedule, the cells presented

the overexpression of P-gp together with typical MDR pH profile and increased the resistance 980-

fold. These observations indicate that the activity of the efflux pump, combined with drug seques-

tration and exocytosis mechanism, seem to be highly influential factors in MDR.35 Thus, this

subcellular pH effect must be taken into account in the carrier-design to avoid the sequestration

effect and to improve drug availability to the cytosol and nucleus.34 Few investigators have

addressed the drug sequestration issue in drug-carrier design.

This chapter summarizes our attempt for the triggered release of doxorubicin, either by tumor

pHe or by early endosomal pH, from pH-sensitive polymeric micelles which are based on poly(L-

histidine) core.
22.4 POLYHIS-PEG-BASED pH-SENSITIVE MICELLES: PREPARATION AND

CHARACTERISTICS

22.4.1 SYNTHESIS

L-Histidine (His) was derivatized by introducing carbobenzoxy (CBZ) group to a amino group, and

amino group in imidazole ring of Na-CBZ-L-histidine was protected with dinitrophenyl (DNP)

group. Na-CBZ-Nim-DNP-L-His was then transformed to the N-carboxy anhydride (NCA) form

by thionyl chloride. The ring-opening polymerization of Na-CBZ-Nim-DNP-L-His NCA$HCl in

dimethylformamide (DMF) was performed using different molar ratios of the monomer to initiator

(isopropylamine or n-hexylamine) (M/I ratio).36

Monocarboxy-PEG was used to prepare an activated N-hydroxysuccinyl (NHS)–poly(ethylene

glycol) (PEG). The coupling reaction between poly(Nim-DNP-L-histidine) and NHS–PEG (1:1

functional group ratio) was carried out in tetrahydrofuran (THF) for two days at room temperature.

After the reaction, the block copolymer was precipitated in a mixed solvent (THF/n-hexane) and

filtered. 2-Mercaptoethanol was added to the poly(Nim-DNP-L-histidine)-PEG diblock copolymer

in DMF to deprotect the imidazole group (Scheme 22.1). Deprotection was complete within one
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day at room temperature. The polymer solution was added to diethyl ether (800 mL) at 08C to

precipitate polymer, while excess 2-mercaptoethanol and DNP-mercaptoethanol remained soluble.

The polymer was filtered, washed with diethyl ether, and dried in vacuo for two days. For further

purification, the polymer was dissolved in a minimum volume of 3 N HCl and stored in a 08C for

one day. After the precipitation of DNP was complete, the solution was filtered through a 0.45-mm

filter and the product was precipitated by adding an excess amount of acetone to the solution, and

then dried in vacuo for two days. Dialysis (Spectra/Por; molecular weight cut off (MWCO) 5000)

was used to remove uncoupled polymers. Before subsequent experiments, the HCl salt of poly-

histidine (1 mmol) in dimethylsulfoxide (DMSO) was converted to the free base by treatment

with TEA (2 mmol) for 3 h at room temperature; the free base was recrystallized from a solution

mixture of ethanol and DMSO (10:1).

It has been documented in literature that histidine residues in proteins significantly contribute to

the protein buffering capacity37 at physiological pH. The acid-base titration profiles of the polyHis

homopolymer and polyHis/PEG block copolymers are presented in Figure 22.1. All of the polymer

solutions exhibited a buffering pH region of pH 4–9. The titration curve confirmed that the poly-

mers with a higher molecular-weight polyHis block had a higher buffering capacity (Figure 22.1a)

in the physiological pH range of pH 5.5–8.0 due to the higher concentrations of imidazole group.

PolyHis (Mnw5000)/PEG (Mnw2000) (PolyHis5K/PEG2K) and PolyHis (Mnw3000)/PEG

(Mnw2000) (polyHis3K/PEG2K) had inflexion points around pH 7.0 (pKb). PolyHis5K and Poly-

His3K showed pKb values around pH 6.5. The pKb shift of the block copolymer compared to the

polyHis homopolymer may be due to increased hydration by PEG.38

22.4.2 POLYHIS/PEG COPOLYMER MICELLES

The deprotonated polyHis at high pH is hydrophobic, whereas PEG is soluble in water at all pHs.

This amphiphilicity is responsible for the formation of polymeric micelles. Lowering the solution

pH below the pKb can affect the micellar structure because protonation decreases the hydrophobi-

city of polyhistidine.36

The polyHis/PEG block copolymer micelles were prepared by the dialysis of the copolymer

solution in DMSO against a pH 8.0 medium. This was done in the presence of pyrene as
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a fluorescent probe so that the micelle formation could be monitored by fluorometry. Pyrene

strongly fluoresces in a nonpolar environment, while in a polar environment it shows weak fluor-

escence intensity. The change of total emission intensity vs. polymer concentration indicates the

formation of micelles or the change from micelles to unimers (the dissociatation of polymers from

the micelles).39 PolyHis3K/PEG2K micelles exhibited instability over time, as evidenced by

increasing light transmittance, while the stability of polyHis5K/PEG2K micelles was maintained

for two days (data not shown). The instability of polyHis3K/PEG2K was probably due to short

polyHis block length and indicates that there may be a critical polyHis length for stability

somewhere between Mn 3000 and 5000. Therefore, polyHis5K/PEG2K was used for

further investigation.

The effect of the dialysis pH on critical micelle concentration (CMC) was examined and the

results are presented in Figure 22.2. At a dialysis pH between 8.0 and 7.4, the CMC of polyHis5K/

PEG2K micelle increased slightly with decreasing pH. However, the CMC was significantly

elevated below pH 7.2. It is evident that the protonation of the imidazole group in the copolymer

at lower pH causes a reduction in hydrophobicity, leading to an increase in CMC.
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FIGURE 22.2 The pH effect on the CMC of polyHis5K/PEG2K polymeric micelles that were prepared at

various pHs (pH 8.0–5.0). (From Lee, E. S., Shin, H. J., Na, K., and Bae, Y. H., J. Control Release, 90, 363,

2003. With permission.)
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In addition, below pH 5.0 (typically pH 4.8), the CMC of polyHis5K/PEG2K micelle could not

be detected. Taken together, at pH 8.0 the less protonated polyHis constitutes the hydrophobic core

in the micellar structure, but in the range of pH 5.0–7.4 the polymer produced less-stable micelles.

The size of the micelles formed from polyHis5K/PEG2K measured by a zetasizer was around

110 nm, based on the intensity-average diameter with a unimodal distribution (Figure 22.3a), and

the ratio of weight-average particle size to number-average particle size was 1.2. The relatively

large size of polyHis5K/PEG2K micelles may be the result of dialysis conditions, which probably

produced a secondary micelle structure that is a cluster of individual single micelles.40 However,

the polyHis5K/PEG2K micellar shape was regular and spherical, as visualized in the atomic force

microscopy photograph (Figure 22.3b). The morphology of polymeric micelles was further evident

from dynamic light scattering (DLS) measurements.

A noticeable increase in light-scattering intensity was observed after dialyzing the block copo-

lymer solutions at pH 8.0, while the unimer solution in DMSO was practically transparent. The

pH-dependent micelle stability was confirmed again by the measurement of transmittance of the

micelle solution. Figure 22.4a shows the transmittance change of the polymeric micelle solution as

a function of pH. As the pH of the micelle solution decreased from the dialysis conditions (pH 8,

ionic strength 1.0), the transmittance increased. In particular, this increase was prominent from pH

7.4 to 6.0, reaching a plateau around pH 6.4. This result implies that polyHis5K/PEG2K micelles

start dissociation starting at pH 7.4 and show a sharp transition between pH 7.4 and 7.0 followed by a

gradual transition between pH 7.0 and 6.0.

Figure 22.4b shows the changes in the particle size distribution of the micelles as a function of

pH. The instability of the micelles on reduction of pH resulted in release of polyHis5K/PEG2K

unimers or unimicelles isolated from secondary micelles, resulting in a bimodal size distribution

with existing secondary micelles. The intensity of the peak at size 2–30 nm gradually increased

with micelle dissociation at a lower pH. Below pH 7.4, an abrupt increase in the intensity of small-

sized particles was apparent, which is consistent with the transmittance change of the micelle

solution at this pH (Figure 22.4a).

22.4.3 MIXED MICELLES OF POLYHIS/PEG AND PLLA/PEG

The PolyHis/PEG micelle was relatively unstable and began to gradually disintegrate at pH 7.4.

The incorporation of a nonionizable block copolymer (Poly(L-lactic acide) (PLLA)/PEG) into the
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90, 363, 2003. With permission.)
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micellar structure of polyHis/PEG improved micelle stability at pH 7.4 and shifted destabilization

to lower pHs. In particular, the mixed micelles composed of polyHis/PEG (75 wt%) and

PLLA/PEG (25 wt%) showed a unimodal size distribution with an average size of 70-nm diameter

at pH 9.0. Other mixed micelles prepared from different contents of PLLA/PEG ranged 70–100 nm

in diameter with unimodal size distributions at pH 9.0.41

Figure 22.5 shows the effect of PLLA/PEG content on the CMC of the mixed micelles. When

the mixed micelle was prepared at pH 9.0 and tested at pH 9.0, the CMC of the mixed micelles was

very slightly influenced by PLLA/PEG content in a range of 0–25 wt%. However, above 25 wt%

PLLA/PEG the CMC gradually increased, reaching to the higher CMC value of the PLLA/PEG

micelle, although the CMC change is not statistically significant (Figure 22.5a). This indicates that

a small amount of PLLA/PEG does not disturb the core stability.

The presence of PLLA/PEG did significantly influence the pH-dependent CMC of the micelles.

The CMC of polyHis/PEG micelle sharply increased from 2.7 to 140 mg/mL as pH decreased from

8 to 5, with a major transition occurring between pH 7.0 and 6.8 (Figure 22.5b). However, the mixed

micelle having 25 wt% PLLA/PEG showed a small increase in CMC, from 2.6 to 3.5 mg/mL, and

the transition occurred in a pH range of 7.5–6.8 (Figure 22.5c).

Figure 22.6 shows the pH-dependent stability of the mixed micelles monitored by relative light

transmittance (T/Ti%; the transmittance of the mixed micelle at each pH/transmittance at pH 9.0).

The T/Ti% of polyHis/PEG micelle slightly increased with decreasing pH, especially below pH 7.6,

which is attributed to micelle destabilization followed by dissociation. PLLA/PEG micelle, being

pH insensitive, showed no change in turbidity and preserved its stability in the entire pH

range tested.

It is interesting to note that the T/Ti% of the mixed micelles decreased rather than increased with

decreasing pH. This result seems to be associated with ionization of polyHis/PEG, accompanied by

separation and isolation of PLLA/PEG from the micelles, which in turn became segregated in

water, and indirectly reflects the disintegration of the micelles by ionization of the imidazole

groups along polyHis chains. The destabilizing pH was influenced by the amount of PLLA/PEG

block copolymer in the mixed micelles. The addition of up to 10 wt% of PLLA/PEG to the micelle

showed a slight shift in destabilizing pH. Although a 25 wt% addition considerably enhanced the

micelle stability at pH 7.4 and destabilization only occurred below pH 7.0. At 40 wt% PLLA/PEG,
q 2006 by Taylor & Francis Group, LLC
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the destabilization pH was shifted a bit further downward with less release of PLLA/PEG due to its

high content.
22.5 TUMOR pHe TARGETING

The pH-dependent micelle property prompted us to test the micelles with pH-induced drug release.

When doxorubicin (DOX) was incorporated into the mixed micelles (0, 10, 25, and 40 wt%

PLLA/PEG) during dialysis, the micelle sizes ranged from 50 to 70 nm as determined by

dynamic light scattering. The drug loading efficiency was about 75–85% and the drug content in

the micelles was 15–17 wt%.41

Figure 22.7a shows the cumulative DOX release from polyHis/PEG micelle. The DOX release

pattern followed nearly first-order kinetics and reached a plateau in 24 h and 30 wt% of

loaded DOX was released for 24 h at pH 8.0. Decreasing pH accelerated the release rate. The

pH-dependent release patterns of the mixed micelles are presented in Figure 22.7b by plotting

cumulative amount of DOX for 24 h vs. release medium pH. The mixed micelles containing

25 wt% PLLA/PEG showed a favorable pH-dependency such that 32 wt% of DOX was released

at pH 7.0, 70 wt% of DOX at pH 6.8, and 82 wt% at pH 5.0. On the other hand, the mixed micelles

containing 40 wt% of PLLA/PEG suppressed the release of DOX to 35 wt% at pH 6.8, and 64 wt%

at pH 6.6. This indicates that the content of PLLA/PEG controlled pH-dependent release from the

mixed micelles by destabilization; the transition pH coincided with the results shown in

Figure 22.6. The results support the idea that the mixed micelles truly recognize the minute

difference in pH and discriminate the tumor pH by destabilization and release of micelle content.

When the blank micelles were tested with human breast adenocarcinoma (MCF-7) cells, no

noticeable cytotoxicity was observed up to 100 mg/mL of polymeric micelle for a 48-h culture,

regardless of the culture medium pH. However, DOX-loaded micelles did present tumor cell

toxicity in a pH-dependent manner.

DOX-loaded polyHis/PEG micelles demonstrated a certain degree of cytotoxic effect at pH 7.4

because of low micelle stability and DOX release. But the cell viability was much reduced at pH 6.8

due to enhanced DOX release (Figure 22.8). The mixed micelles with 10 wt% PLLA/PEG

(Figure 22.8b) caused low cytotoxicity at pH 7.4, which increases dramatically below pH 7.2.

The above results are distinguished from the cytotoxicity of free DOX, which is almost independent

of pH. The mixed micelles having 25 wt% PLLA/PEG (Figure 22.8c) appeared more sensitive to
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(From Lee, E. S, Na, K., and Bae, Y. H., J. Control Release, 91, 103, 2003. With permission.)
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pH, differentiating especially between pH 7.0 and 6.8. The mixed micelles with 40 wt% PLLA/PEG

micelles (Figure 22.8d) distinguished between pH 6.8 and 6.6 in a similar cytotoxicity study.

Considering that a PLLA/PEG micelle (Figure 22.8e) has no pH-dependent cytotoxicity and

neither do blank micelles, the pH-dependent cytotoxicity solely relies on the release of DOX at

different pHs. The change in pH from 8.0 to 6.6 may influence cell surface charges, and cellular

physiology and viability, noting that the low pH is a favorable environment for tumor cells but

opposite for normal cells. The cell viability expressed in this study is relative to those at different
q 2006 by Taylor & Francis Group, LLC
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pHs in the absence of DOX, and the direct pH effect on the cell viability was not monitored with the

MCF-7 cell line. No noticeable difference in cell viability by pH with free DOX was observed.

In vitro results of the mixed micelles with 25 wt% PLLA/PEG (referred as PH-sensitive mixed

micelle (PHSM) hereafter) showed the pH-dependent cytotoxicity of DOX against sensitive MCF-7

cells, and were comparable with free DOX and a conventional pH-insensitive PLLA/PEG micelle

(referred to as pH-insensitive micelle (PHIM). The free DOX showed the highest destruction, which

is not significantly influenced by pH variation between 6.8 and 7.4. PHIM showed the least cyto-

toxicity at the two tested pH values. However, PHSM showed a distinct pH effect by switching the

cytotoxicity from the level of PHIM at pH 7.0 (MCF-7 cell viability was 85% after the treatment of

equivalent DOX 1 mg/mL) to a similar level of free DOX at pH 6.8 (MCF-7 cell viability was 36%

after the treatment of equivalent DOX 1 mg/mL). This was attributed to pH-triggered release of DOX.

Figure 22.9a shows the in vivo results of the anti-cancer activity of the tested DOX formu-

lations i.v. injected on days 0 and 3. The DOX loaded PHSM (equivalent DOXZ10 mg/kg)

exhibited significant inhibition (P!0.05 compared with free DOX or saline solution) of the

growth of s.c. MCF-7 xenografts. The tumor volume of mice treated with the PHSM (P!0.05

compared with free DOX) was approximately 4.5 and 3.6 times smaller than that of saline solution

or free DOX treatment after 6 weeks, respectively. The triggered release of DOX by tumor pHe (!
7.0), after accumulation of the micelle in the tumor sites via the enhanced permeation and retention

(EPR) mechanism,42,43 may present a more effective modality in tumor chemotherapy, providing

higher local concentrations of the drug at tumor sites (targeted high-dose cancer therapy), while

providing a minimal release of the drug from micelles while circulating in the blood (pH 7.4). When

compared with PHIM, the volume of tumors treated with the PHSM was approximately 3.0 times

smaller (particle sizeZ50–70 nm, data now shown) than those whose properties are not influenced

by pH. In addition, the destabilization of PHSM (converting to unimers) may help extravasation of

additional micelles from the blood compartment and their penetration into tumors by reducing the

physical barrier effect, which can be generated by stable particles, such as conventional liposomes

and polymeric micelles. It was reported that drug carriers, such as PEG modified liposomes, are in

an insoluble form and only reside in the vicinity of the leaky blood vessels after extravasation,

rather than migrating into the deeper sites of tumors. This “road block effect” could obstruct the

subsequent accumulation of the carriers at tumor sites.44 It is interesting to note that only PHSM

administration showed decreased tumor size for the initial first week. No obvious changes in mice
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FIGURE 22.9 Tumor growth inhibition of s.c. human breast MCF-7 carcinoma xenografts in BALB/c nude

mice. Mice were injected i.v. with 10 mg/kg DOX equivalent dose: PHSM (C), PHIM (&), free DOX (:),

and saline solution (;). Two i.v. injections on day 0 and 3 were administered. (a) Tumor volume change and

(b) body weight change (nZ5). Values are the meansGthe standard deviations (SD). (From Lee, E. S., Na, K.,

and Bae, Y. H., J. Control Release, 103, 405, 2005.)
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body weight in experimental groups, except for the free DOX group, were observed. Free DOX

caused more weight-loss after i.v. administration (Figure 22.9b) than micelle formulations.

“Stealth” particles decorated with PEG are known to be invisible to macropharges and have

prolonged half-lives in the blood compartment. This property endows the particles a higher prob-

ability to extravasate in pathological sites, like tumors or inflamed regions where a leaky vascular

structure persists.45 Recent investigations have reported that the size cut-off of tumor vasculature for

the EPR effect grew to 200–700 nm.46 Nevertheless, the nanoparticle penetration to tumor vascu-

lature is heterogeneous in a solid tumor, and the vascular structure or cut off size differs from tumor

to tumor and is influenced by tumor location.46 A more recent study demonstrated that the optimal

size of stealth liposomes was determined to be around 100 nm in an animal model.47 This means that

the size of micelle or liposome affects the in vivo bio-distribution, post injection. Smaller size causes

more accumulation in the liver, while larger ones cause more accumulation in the spleen.48

We hypothesized that the average particle size of 50–70 nm of PHSM may meet the optimal

size for extravasation or long-circulation suggested by several research groups.42,44,47,48 A signi-

ficant portion of DOX carried by the PHSM, however, was accumulated in the liver and spleen. In

Figure 22.10a, DOX levels in the blood after i.v. administration of PHSM to the animals bearing s.c.

MCF-7 carcinoma xenografts were 27% at 4 h, 8% at 12 h, 4% at 48 h in the blood and 18% at 4 h,

15% at 12 h, 3% at 48 h in the tumors and 14% at 4 h, 7% at 12 h, 1.5% at 48 h in the liver and 2% at

4 h, 1% at 12 h, barely detectable levels at 48 h in the spleen. The mononuclear phagocytes system

(MPS), especially in the liver and spleen,42,44,46,49 seems to be responsible for the accumulation in

these organs even with small size of the particles.

As shown in Figure 22.8b, because of very short half-life (t1/2, within few minutes) of free DOX

in the blood,50 DOX levels in the blood at 12–48 h were not detectable. DOX levels in the tumors

were 1.5% at 4 h, 1% at 12 h, and barely detectable levels were found at 48 h. In contrast, high

concentrations of DOX were found in the heart, liver and considerable DOX levels were shown in
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FIGURE 22.10 Total DOX (%) levels (total DOX remaining in organs to DOX amount first injected) in blood

and tissues (tumor, liver, heart, spleen, lung, kidney) after i.v. administration (10 mg/kg DOX equivalent dose)

of (a) PHSM micelles, and (b) free DOX. The mice (s.c. human breast MCF-7 carcinoma xenografts) were

sacrificed at 4 (&), 12 (&), and 48 h (&) after i.v. administration. Values are the meansGthe standard

deviations (nZ4, SD). (From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103, 405, 2005.)
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the lung, spleen and kidney. These results are in striking contrast to DOX biodistribution when

carried by PHSM. Especially, PHSM is responsible for the enhanced tumor accumulation.51 The

combined mechanisms of pHe-triggered release and EPR effect can be beneficial to treat solid

tumors by minimizing the road block effect of the particles after extravasation, increasing local

concentration for diffusion to the tumors and more active internalization. This, however, requires

further investigation for verification.
22.6 EARLY ENDOSOMAL pH TARGETING FOR REVERSAL OF MDR

PolyHis has been known for endosomolytic activity and recently low MW polyHis-conjugated

poly(L-lysine) has demonstrated improved gene transfection.52 However, the difficulty in controlling

its molecular weight and limited solubility of high MW polymer in organic solvents has restricted the

fabrication and applications of polyHis-based drug carriers. The mixed micelles, who’s surface was

decorated with folate, consisting of polyHis/PEG-folate (Figure 22.11a) and PLLA/PEG-folate

(Figure 22.11b), showed a similar release pattern of the micelles without folate (PHSM); cumulative

DOX release for 24 h of 30–35 wt% in the pH range of 7.0–7.4, which is slightly more than 20–

30 wt% initial burst release from conventional pH-insensitive micelles,53 but about 70 wt% at pH

6.8 during the same time period. During this process, it was observed that the drug or polymer was

distributed in the cytosol and the nucleus in a sensitive breast cancer cell line (MCF-7).41

From these results, we hypothesized that the folate receptor-mediated internalization route and

the micelle destabilization reverse the drug resistance of solid tumors. For proof of concept, a MCF-

7/DOXR cell was selected after being stepwise exposed to 0.001–10 mg/mL of free DOX as

reported.54–58

Figure 22.12 shows the decreased cytotoxicity of free DOX against MCF-7/DOXR cells, exhi-

biting a typical drug resistance curve. The cytotoxicity of DOX against sensitive MCF-7 cells

slightly decreased by lowering pH from 8.0 to 6.8 because of an increased degree of ionization

of DOX, causing less diffusivity through the plasma membrane.59 For the resistant cells, the pH

effect was not noticed even at a high DOX concentration range. The IC50 value of free DOX

increased from 470 ng/mL for wild MCF-7 cells to 25,800 ng/mL for MCF-7/DOXR cells at pH 7.4.

Figure 22.13 visualizes different distributions of free DOX in MCF-7 (Figure 22.13a) and

MCF-7/DOXR (Figure 22.13b) cells. In the MCF-7/DOXR cells, there was a limited DOX uptake

in the cytosolic compartment, while the sensitive MCF-7 cells accumulated DOX in the cytosolic

compartment and nucleus. Figure 22.14 shows the cytotoxic effects of free DOX or DOX-loaded
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FIGURE 22.12 Characterization of micelles on MCF-7/DOXR cells: The cytotoxicity of free DOX against

MCF-7 (close circle) and MCF-7/DOXR (open circle) cells at pH 8.0 (C), pH 7.4 (&) and pH 6.8 (:) (nZ7).

(From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103, 405, 2005.)

FIGURE 22.13 Confocal microscopy studies on (a) DOX-sensitive MCF-7 and (b) DOX-resistant MCF-7

(MCF-7/DOXR) cells treated with free DOX at pH 6.8.
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FIGURE 22.14 The cytotoxicity of DOX-loaded PHSM/f (C), polyHis/PEG-folate micelles (&),

PLLA/PEG-folate micelles (:), free DOX (;) against MCF-7/DOXR cells at (a) pH 7.4 and (b) pH 6.8

after 48 h incubation (nZ7). (From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103, 405, 2005.)
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micelles against MCF-7/DOXR cells at pH 7.4 and 6.8. The viability of MCF-7/DOXR cells was

not dramatically decreased as expected at even high concentrations of free DOX due to the

influence of Pgp function. DOX-loaded PLLA/PEG-folate micelles (pH-insentive micelles as a

control) showed limited cytotoxicity against MCF-7/DOXR cells. DOX loaded polyHis/PEG-

folate micelles demonstrated a similar degree of cytotoxicity against MDR cells as that of free

DOX against the sensitive cells.41 This effect is most likely due to enhanced DOX release and the

endosomal escaping activity of polyHis/PEG-folate unimer released after internalization of the

micelles and subsequent destabilization. This can be regarded as cytosolic delivery of DOX,

disturbing drug sequestration mechanism of MDR.41 However, it is shown that the viability of

cells treated by PHSM with folate (PHSM/f) was about 10% at 10 mg/mL (DOX concentration),

whereas for polyHis/PEG-folate micelles (without PLLA/PEG-folate) the value is about 40% at

similar DOX concentration (Figure 22.14a). This enhanced effect suggests that there could be an

additional mechanism of PHSM/f beside the functions of polyHis. Hoffman’s group reported that

the membrane disruption mechanisms of poly(2-ethylacrylic acid) (PEAA) is presumably related

to their increase in hydrophobicity at low pH values.60 Similar to that, PLLA/PEG-folate released

from destabilized PHSM/f could interact with the endosomal membrane due to the exposed

hydrophobic PLLA portion, disturbing membrane stability. There is no significant difference

between two pHs tested (pH 7.4 (Figure 22.14a) and 6.8 (Figure 22.14b)). Figure 22.14b suggests

the feasibility of MDR reversal by PHSM/f at acidic tumor pHe.
61

In the case of sensitive MCF-7 cells, PHSM/f showed significant cytotoxicity against cells.

Figure 22.15 demonstrates this effect. The DOX-loaded micelles with folate were internalized via

folate-receptor mediated endocytosis. The PHSM/f micelles induced greatly enhanced cytotoxicity

(cell viability 16% at DOX 10 mg/mL at pH 8.0 (this pH was employed to ensure the micelle

stability before internalization)) resulting from increased micelle concentration inside the cell due

to folate receptor-mediated endocytosis and fusogenic effect of polyHis, while the PLLA/PEG-

folate showed a slight increase in cytotoxicity. These observations clarify the role of polyHis in

anti-cancer activity as two folds: (1) destabilization for drug release and (2) fusogenicity.

Figure 22.15b indicates that, once internalization by folate receptors grew predominant, the pH

effect on drug release became insignificant. This observation can be explained by the facts that (1)

the mixed micelles were internalized into tumor cells via folate-receptor mediated endocytosis and

underwent destabilization in a slightly acidic early endosomal compartment by protonation of an

imidazole group and (2) DOX released from the mixed micelles under the influence of the extra-

cellular pH, regardless of folate-receptor mediated endocytosis, has effective an drug portion for

cell killing. Figure 22.15c shows the cell killing rates of the mixed micelles and free DOX. The free

DOX diffuses only passively to cells. Unlike free DOX, PHSM/f facilitated faster cell killing in

0–4 h of incubation. This observation is consistent with the high number of folate-receptors on

tumor cells. In addition, there is little difference in the cell killing rate between pH 6.8 and 7.4 (data

not shown), thus explaining quick cytotoxic action of DOX-loaded mixed micelles against MCF-7

cells due to the active internalization.58,59

For further evidence of the functioning of PHSM/f, a confocal-microscopic study was

conducted to reveal the distribution of DOX in the cells. Figure 22.16a shows the localized

DOX in MCF-7/DOXR cells treated with DOX-loaded PLLA/PEG-folate micelles. The PLLA/

PEG-folate micelles were entrapped in endosome or multivesicular bodies resulting from folate

receptor-mediated endocytosis. This could be responsible for the discrete DOX-intensity and biased

DOX-intensity distribution. The entrapment seems to be a consequence of the absence of fusogenic

activity. Unlike PLLA/PEG-folate micelles, PHSM/f incubation resulted in broad distribution of

DOX in cytosol as well as nuclear compartments (Figure 22.16b).

To bypass one of the major MDR mechanisms, Pgp pumping, we employed folate receptor-

mediated endocytosis, because MCF-7 cells over-express folate receptors.62 Along with this entry

mechanism, the further enhanced drug release at endosomal pH36,41 and the disruption of the

endosomal membrane41,51,52,63 are expected to kill MDR cells.
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FIGURE 22.16 Confocal microscopy studies on MCF-7/DOXR cells treated with (a) DOX-loaded

PLLA/PEG-folate micelles and (b) DOX-loaded PHSM/f micelles at pH 6.8. The cells were incubated with

the carriers for 30 min. (From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103, 405, 2005.)
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FIGURE 22.15 The cytotoxicity of (a) free DOX (C), polyHis/PEG-folate micelle (&), PLLA/PEG-folate

micelle (:) and PHSM/f (;) at pH 8.0 and of (b) PHSM/f at pH 7.4 (C) and pH 6.8 (&) against sensitive

MCF-7 cells after 48 h incubation. (c) The cytotoxicity against MCF-7 cells treated with PHSM/f (C) and free

DOX (&) at pH 6.8. The DOX content in the micelles was adjusted to be equivalent to free DOX concentration

(500 ng/mL) and MCF-7 cells were treated for a given incubation time. (From Lee, E. S., Na, K., and Bae, Y.

H., J. Control Release, 91, 103, 2003. With permission.)
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In the in vitro studies with MCF-7/DOXR cells,51 the PHSM/f showed a significantly enhanced

efficacy in tumor cell cytotoxicity, most likely due to enhanced internalization (folate receptor-

mediated endocytosis), and subsequent pH-induced micelle destabilization and endosomal escape.

However, the PHSM or PHIM with folate (PHIM/f) showed low efficacy in killing MCF-7/DOXR

cells, due to lack of entry mechanism and/or endosomal escape.

The MCF-7/DOXR xenografts in nude mice were used for the investigation of in vivo efficacy.

The tumor bearing animals were treated by multiple i.v. injections on days 0, 3, and 6

(Figure 22.17a). Neither complete tumor regression, nor toxicity-induced death was observed in

all experimental groups, though, the tumor growth in mice treated by PHSM/f was inhibited and the

size was reduced for two weeks after the third i.v. injection. The tumor volume in mice treated by

PHSM/f (P!0.05 compared with free DOX) was approximately 2.7-times smaller than those

treated with free DOX or PHIM, and approximately 1.9-times smaller than those treated with

PHSM after six weeks. These results indicate that the folate-mediated endocytosis pathway of

PHSM/f enhances the regression of tumors and is more efficient for MDR tumor chemotherapy

than PHSM. This being said, the tumor regression efficacy in PHIM/f was not significant because

some folate conjugates may have recycled back to the surface64 before drug unloading. In addition,

slow or limited drug release from PHIM maybe associated with drug sequestration in acidic

organelles in MDR cells.31,33 The active internalization, enhanced drug release rate, and endosomal

escaping activity justify the efficacy of PHSM/f. Free DOX administration exhibited more weight-

loss in mice than the groups treated by any micelles (Figure 22.17b), signifying lower toxicity of

DOX-loaded micelles.

As shown in Figure 22.18, s.c. MCF-7/DOXR carcinoma xenografts showed different DOX

levels in tumor as compared to s.c. MCF-7 carcinoma xenografts, particularly for PHSM. DOX

levels in the tumors of s.c. MCF-7/DOXR carcinoma xenografts in which the DOX levels were 21%

at 4 h, 12% at 12 h, and 5% at 48 h for PHSM/f; 7% at 4 h, 5% at 12 h, and 2% at 48 h for PHSM;

and 1% at 4 h and barely detectable levels at 12 and 48 h for free DOX. This suggests that the role of

the Pgp pump in s.c. MCF-7/DOXR carcinoma xenografts is significant in determining DOX levels

in the resistant tumors. In the case of DOX delivered by PHSM into the resistant tumor, the released

DOX cannot diffuse in the cells but is instead being washed away from the site. On the other hand,

DOX carried by PHSM/f shows similar accumulation levels in the resistant tumor to that of

sensitive tumor, resulting from active internalization by folate receptor-mediated endocytosis.
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FIGURE 22.17 Tumor growth inhibition of s.c. human breast MCF-7/DOXR carcinoma xenografts in

BALB/c nude mice. Mice were injected i.v. with 10 mg/kg DOX equivalent dose: PHSM/f (C), PHSM

(&), PHIM/f (:), PHIM (;), and free DOX (%). Three i.v. injections on day 0, 3, and 6 were made. (a)

Tumor volume change and (b) body-weight change (nZ5). Values are the meansGthe standard deviations

(SD). (From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103, 405, 2005.)
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meansGthe standard deviations (nZ4, SD). (From Lee, E. S., Na, K., and Bae, Y. H., J. Control Release, 103,

405, 2005.)
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This, combined with the endosomal escaping capacity of PHSM/f, resulted in a remarkable

regression effect for resistant tumors, as shown in Figure 22.18.
22.7 CONCLUSIONS

Although important findings in scientific research and technological advances, such as long-circu-

lating carries, EPR effect, tumor specific receptor-mediated targeting, and MDR modulator and

reverters, have been achieved in the last few decades for effective solid tumor targeting, current

chemotherapy is still facing major challenges to improving drug accumulation in tumor sites and

reversing intrinsic or acquired drug-resistance of tumors.

An accelerated release rate of doxorubicin at tumor extracellular pH was provided by pH-sen-

sitive polyHis/PEG micelles, but the micelle was not fully stable at pH 7.4. When a pH-insensitive

block copolymer, PLLA–PEG, was blended with polyHis-PEG to form a mixed micelle, the

stability of the micelles at pH 7.4 was significantly improved and the micelles’ destabilization

pH shifted from 7.2 to 6.6 with an increase in the amount of PLLA–PEG in the mixed micelle.

The micelles were further modified with folate. These pH-sensitive micelles proved to be much

more effective in regressing wild-type MCF-7 cells in vitro and in vivo studies with less weight-loss

in animals, when compared with the pH-insensitive PLLA–PEG micelle. The folate effect was not

apparent with the sensitive cells in the in vitro results. It seems that doxorubicin released either

extracellularly or intracellularly is effective for cell-kill due to its high diffusivity through the

plasma membrane.

The pH-sensitive micelle-with-folate showed a dramatic effect when tested with drug-resistant

tumors in vitro and in vivo, demonstrating a similar cell-kill rate as that of sensitive cells.
q 2006 by Taylor & Francis Group, LLC



Polymeric Micelles Targeting Tumor pH 461
The underlying mechanisms involve (1) fast internalization of the micelles to bypass the Pgp, (2)

fast release rate of doxorubicin at early endosomes, and (3) quick disruption of the endosomal

membrane by virtue of polyHis protonation and possible membrane interactions of freed polyHis-

PEG. These mechanisms avoid the major MDR mechanisms of the Pgp pump and drug sequestra-

tion in acidic organelles and endosomal recycling, which resulted in uniform intracellular

distributions of doxorubicin and polyHis-PEG, including the nucleus, In a resistant tumor xenograft

model in mice, the tumor was regressed by iv administration of the folate-decorated pH-sensitive

micelles with less weight-loss of the treated animal than control animals treated by pH-insensitive

micelles and free doxorubicin.
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23.1 INTRODUCTION

Remarkable progress has been made in recent years to establish polymer micelles as a novel

multifunctional platform of nanoscale constructs for diagnostic and therapeutic applications.1–5

Polymer micelles are composed of amphiphilic block copolymers that contain distinguished hydro-

phobic and hydrophilic segments. The distinct chemical nature of the two blocks results in

thermodynamic phase separation in aqueous solution and formation of nanoscopic supramolecular

core/shell structures. During the micellization process, the hydrophobic blocks associate to form the

core region, whereas the hydrophilic blocks form the shell that separates the core from the aqueous

medium. This unique architecture enables the micelle core to serve as a nanoscopic depot for

therapeutic/contrast agents and the shell as biospecific surfaces for targeting applications

(Figure 23.1).

Biocompatible and biodegradable block copolymers are currently used in micelle design. For

the hydrophilic segment, poly(ethylene glycol) (PEG) blocks with a molecular weight of 2–15 kD

are most often used. Meanwhile, the hydrophobic blocks include a variety of polymers such as
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poly(D, L-lactide), poly(3-caprolactone), poly(b-benzoyl-L-aspartate), and poly(g-benzyl-L-

glutamate).1,5 Different hydrophobic blocks can be used to provide different hydrophobic environ-

ments (e.g., aromatic vs. aliphatic) to maximize interactions with encapsulated agents.

Pioneering work from several leading groups has significantly advanced polymeric micelles as

versatile carrier systems for the delivery of hydrophobic drugs. For instance, Kataoka’s group has

recently developed pH-sensitive micelles by attaching hydrophobic doxorubicin (DOX) to the

polymer backbone via a hydrazone linkage. This acid-labile linkage undergoes cleavage at endo-

somal/lysosomal pH to release the conjugated DOX that leads to significantly improved anti-tumor

efficacy.6,7 A powerful means to improve the delivery efficiency of micelles is to introduce

targeting ligands on the micelle surface to achieve an active targeting function. Among the yet

limited literature reports dedicated to the active targeting of polymer-related micelle systems,

recent work by Torchilin’s group provides a landmark study in this direction.8 Torchilin and

coworkers have introduced two kinds of antibodies, mAb 2C5 and mAb 2G4, to the distal PEG

end of phosphatidylethanolamine–poly(ethylene glycol) (PEG–PE) micelles. Not only can the

immunomicelles with cancer-specific 2C5 antibody specifically bind to cancer cells in vitro,

they can also increase drug accumulation in Lewis lung carcinoma tumors in mice. When compared

to administration with either taxol or non-targeting micelles, immunomicelles demonstrate the highest

efficacy of tumor growth inhibition. These advances bring out the unprecedented promise that poly-

meric micelles can serve as effective carriers for a large variety of poorly soluble drugs.
23.2 INTEGRIN avb3-MEDIATED DRUG TARGETING TO ANGIOGENIC

TUMOR VASCULATURE

Since the original report by Cheresh and coworkers,9 numerous studies have demonstrated that avb3

integrin is an important receptor affecting growth, local invasiveness, and metastatic potential of

tumors.10–12 In general, integrins are a family of heterodimeric membrane receptors that bind to

cell-surface adhesion molecules and extracellular matrix proteins (ECM), and they play a critical

role in tissue morphogenesis, repair, and remodeling. The function of integrins during angiogenesis

has been most extensively studied with avb3 that is not readily detectable in quiescent vessels but

becomes highly expressed in angiogenic vessels.9 Recently, the crystal structures of the extracellu-

lar domains of avb3 and avb3/c(-RGDfV-) complex have been determined by Xiong et al.13,14

These structures provide molecular insights and better understanding of avb3 receptor-ligand

interactions and establish the structural basis for future development of more potent and specific

avb3-binding ligands.15

Vascular targeting via avb3-dependent mechanisms offers significant opportunities for the

development of cancer-targeted therapeutics and diagnostics. For therapeutic applications,

Ruoslahti and coworkers have conjugated DOX to a cyclic RGD peptide (RGD-4C) as identified
q 2006 by Taylor & Francis Group, LLC



MRI-Visible Polymeric Micelles 467
by a phage library.16 The DOX-RGD-4C conjugates have demonstrated significantly improved

anti-tumor efficacy in nude mice bearing human breast tumor xenografts.17 Although quantitative

pharmacokinetics of DOX-RGD-4C was not reported, it is expected that the renal clearance of the

peptide-drug conjugate may be fast as a result of its small molecular weight. Recently, Ghanderhari

and coworkers have shown that RGD-4C-functionalized hydroxypropylmethacrylamide (HPMA)

polymer led to significantly increased tumor targeting and localization in severe combined

immunodeficiency disease mice bearing DU145 or PC-3 prostate tumor xenografts over the

RGE-4C-HPMA control.18,19 This work opens up many exciting opportunities to broaden

HPMA scaffold in targeted drug delivery applications. Recently, Cheresh and coworkers have

reported the success of avb3-targeted gene therapy of cancer with cationic polymerized lipid-

based nanoparticles. A mutant raf gene was delivered to tumor endothelial cells that led to

tumor cell apoptosis and sustained regression of primary and metastatic melanomas in mice.20

These data provide useful precedence for introducing avb3-targeted ligands on the nano delivery

systems to enhance their targeting efficiency to tumor vasculature.
23.3 CRGD-ENCODED MICELLES FACILITATE DOXORUBICIN DELIVERY

TO TUMOR ENDOTHELIAL CELLS

Previous work in this lab has demonstrated the feasibility of producing a cyclic pentapeptide c(Arg-

Gly-Asp-d-Phe-Lys, cRGDFK—also referred to as cRGD herein)-encoded polymeric micelles and

micelle targeting to avb3-overexpresing tumor endothelial cells (SLK cells).21 Figure 23.2

illustrates the schematic diagram of synthesis of maleimide–terminated poly(ethylene glycol)–

poly(3-caprolactone) (MAL–PEG–PCL) copolymer and cRGD attachment on the micelle

surface. Doxorubicin was also encapsulated inside the micelle core. The intrinsic fluorescent

properties of doxorubicin (lexZ485 nm, lemZ595 nm) permit the study of cell uptake by flow

cytometry and confocal laser scanning microscopy.

Figure 23.3a shows that the percentage of cell uptake increased with increasing cRGD density

on the micelle surface. With 5% cRGD surface density, a modest 3-fold increase of cell uptake was
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FIGURE 23.2 Synthesis of MAL–PEG–PCL copolymer and preparation of cRGD-encoded, DOX-loaded

micelles. (From Nasongkla, N., Shuai, X., Ai, H., Weinberg, B. D., Pink, J., Boothman, D. A., and Gao, J.,

Angew. Chem. Int. Ed. Engl., 43, 6323, 2004. With permission.)
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observed. A 30-fold increase was observed by flow cytometry with 76% cRGD attachment. In the

presence of excess free RGD ligands, the avb3-mediated cell uptake can be completely inhibited

(last panel, Figure 23.3a). Confocal laser scanning microscopy further supports the cRGD-

enhanced cell uptake (Figure 23.3b and c) and demonstrates that a majority of the micelles were

taken up via avb3-mediated endocytosis and localized mainly in the cytoplasmic compartments in

the cell (as shown by the red punctated dots). Cell nuclei were stained blue by Hoechst 33342

(lexZ352 nm, lemZ455 nm) and overlaid with doxorubicin fluorescent images (lexZ485 nm,

lemZ595 nm).
23.4 CRGD-ENCODED MICELLES INCREASE DOXORUBICIN

TOXICITY OVER NON-CRGD MICELLES

Figure 23.4 shows the growth inhibition of SLK cells by different micelle formulations. DOX

concentration was kept the same at 1 mM for all samples. In these experiments, different DOX
q 2006 by Taylor & Francis Group, LLC
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samples were exposed to SLK cells for 1 h. After 1 h, the DOX-containing media were replaced

with cell culture media and kept for an additional four days until the cells in the untreated control

group reached confluence. Percentage of growth (PG) was calculated as the ratio of the number of

cancer cells of the treated group over the untreated control. At 1 mM DOX dose, free drug demon-

strated the lowest growth at 24.4G2%. For micelle-delivered DOX, growth decreased with an

increase of cRGD density on the micelle surface. The PG values for 0%, 5%, and 16% cRGD-

micelles were 92G8%, 85G10%, and 51G2.58%, respectively. The cRGD micelle toxicity was

inhibited by the free RGD ligand co-incubated with the micelles (PG 78G10%, Figure 23.4). In

addition, cRGD-encoded, DOX-free micelles did not show much tumor growth inhibition (115G
11%) at the same micelle dose. These data demonstrate the success of cRGD-encoded micelles in

enhancing the drug targeting efficiency and cytotoxic response in avb3-overexpresing SLK cells.
23.5 NON-INVASIVE IMAGING METHODS FOR PHARMACOKINETIC

STUDIES

Conventional clinical pharmacokinetic studies require the collection of blood or tissue samples to

assess the clearance rate, tissue distribution, and concentration vs. time relationships of

chemotherapy. Such procedures are invasive and not compliant with patients especially when

multiple samples need to be collected at different time points. In addition, the quantitative interpre-

tation of these data is complicated by individual variability and uncertainty in the technical

procedure (e.g., extraction of drugs from tissue may not be complete).

To circumvent these limitations, significant research efforts have focused on the development

of non-invasive imaging techniques to characterize the drug pharmacokinetics in the target tissue

in vivo.22–25 Such imaging techniques include single photon emission computed tomography

(SPECT),26,27 positron-emission tomography (PET, dual photons),26,27 and magnetic resonance

imaging (MRI).28 SPECT imaging requires the use of radionuclides (e.g., 111In, 99mTc) that emit

high-energy gamma photons (typically 60–600 keV) whereas PET detects positron annihilation

radiation (511 keV). Although these two methods provide the most sensitive measurement of

radiolabeled drugs (10K10–10K12 mol), they have very low spatial resolutions. For example, the

resolutions of small animal SPECT and PET instruments are approximately 2 and 5 mm, respect-

ively.26,27 Such resolution is not adequate to accurately assess drug distribution within tumor tissue,

especially in a small animal tumor model (e.g., tumor xenograft in mice).
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MRI is another imaging modality that can be used to study in situ pharmacokinetics.28 MRI

detects the magnetization changes of nuclei that have net angular momentum such as 1H, 13C, and
19F. Examples of drugs studied by MRI include 5-fluorouracil (19F), 13C-labelled temozolomide,

and ifosfamide (31P). MRI has much higher resolution (w100 mm) than nuclear imaging methods.

Its main limitation is low sensitivity, making it difficult to detect drugs at their therapeutic concen-

trations.28 Use of exogenous MR contrast agents (e.g., SPIO) can dramatically increase the

sensitivity of MR detection.
23.6 SPIO AS MR T2 CONTRAST AGENT

Superparamagnetic iron oxide (SPIO) nanoparticles have been extensively studied in the past

decade for their use as MR contrast agents. Unlike the low molecular weight, paramagnetic

metal chelates such as Gd-DTPA (T1 contrast agent) and SPIO nanoparticles are considered T2-

negative contrast agents with substantially higher T2 and T1 relaxivity compared to T1 agents.29

SPIO agents are composed of iron oxide nanocrystals with the general formula Fe3C
2 O3M2CO,

where M2C is a divalent metal ion such as iron, manganese, nickel, cobalt, or magnesium.

When M2C is ferrous iron (Fe2C), SPIO becomes magnetite. In the absence of an external magnetic

field, the magnetic domains inside SPIO are randomly oriented with no net magnetic field. An

external magnetic field can cause the magnetic dipoles of the magnetic domains to reorient, leading

to dramatically increased magnetic moments and significantly shortened relaxations in both T1 and

T2/T2* relaxation processes.29

SPIO nanoparticles have been classified into four different categories based on their sizes and

applications: large, standard, ultrasmall, and monocrystalline agents. Large SPIO agents (O200 nm)

are mainly used for oral gastrointestinal lumen imaging. For example, AMI-121 (Advanced

Magnetics) is a clinically approved T2 agent with a hydrodynamic diameter of 300 nm and

T2 and T1 relaxivities of 72 and 3.2 Fe mMK1 sK1, respectively.30 Standard SPIO agents

(50–200 nm) are easily sequestered by the RES in the liver and spleen upon intravenous injection

and are primarily used for liver and spleen imaging. The iron oxide crystal (4.8–5.6 nm) in AMI-25

(Endoremw by Guerbet and Feridexw by Berlex Lab), a clinically approved agent, is coated with

dextran to yield a final hydrodynamic diameter between 80 and 150 nm. The T2 and T1 relaxivities

are 98.3 and 23.9 Fe mMK1 sK1, respectively.31 AMI-25 efficiently accumulates in the liver (w80%

of injected dose) and spleen (5–10%) within minutes of administration, and it has a short blood

half-life (6 min).

Weissleder and coworkers have pioneered the development of ultrasmall (USPIO) and mono-

crystalline iron oxide nanoparticles (MION).32–35 Two USPIO agents, AMI-227 and CLARISCAN,

are currently in phase III clinical trials. AMI-227 is composed of a crystalline core of 4–6 nm

surrounded by a dextran coating. Its hydrodynamic diameter is 20–40 nm, and it has T2 and T1

relaxivities of 44.1 and 21.6 Fe mMK1 sK1, respectively.36 Because of its smaller size, AMI-227

showed an increased blood half-life over 24 h.37 Consequently, AMI-227 can be used as a blood

pool agent for MR angiography. Eventually, these particles are taken up by the RES of lymph nodes

and become particularly useful for MR lymphography.38,39
23.7 DEVELOPMENT OF MRI-VISIBLE MICELLES

Recently, a new class of MRI-visible nanoparticles was developed through the incorporation of

hydrophobic SPIO nanoparticles inside polymer micelles.40 High loading of SPIO was achieved

inside the micelle core that led to a significant increase in T2 relaxivity. The resulting SPIO-loaded

micelles have shown superb sensitivity under a clinical 1.5 T MR scanner.

First, monodisperse SPIO (Fe3O4) nanoparticles with different sizes were synthesized

following published work by Sun and coworkers.41 Transmission electron microscopy (TEM)
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FIGURE 23.5 TEM images and DLS data of different SPIO-micelle formulations. (a, d) Single SPIO (4 nm in

diameter) encapsulated by PEG5k–DSPE lipid; (b, e) SPIO (4 nm)-loaded PEG5k-b-PCL5k micelles; (c, f)

SPIO (8 nm)-loaded PCL5k-b-PEG5k micelles. A cluster of SPIO particles are loaded inside each PCL5k-b-

PEG5k micelle as shown in (b) and (c). (From Ai, H., Flask, C., Weinberg, B., Shuai, X., Pagel, M., Farrell, D.,

Duerk, J., and Gao, J., Adv. Mat., 17, 1949, 2005. With permission.)
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characterization of SPIO nanoparticles showed 4, 8, and 16 nm in diameter. The size distribution is

uniform for all particle sizes. Distearoylphosphatidyl–ethanolamine–poly(ethylene glycol)

(PEG5k–DSPE) lipid and amphiphilic diblock copolymer of PCL5k-b-PEG5k were used for the

micelle formation. Interestingly, PEG5k–DSPE lipid micelles provide individual encapsulation of

single 4 nm SPIO nanoparticles (Figure 23.5a). In comparison, PEG5k-b-PCL5k polymer micelles

allow the incorporation of a cluster of 4 and 8 nm SPIO nanoparticles, respectively (Figure 23.5b

and Figure 23.5c). Dynamic light scattering (DLS) was used to study the size distribution of SPIO-

loaded PEG5k-b-PCL5k polymer micelles. DLS experiments were performed using the micelle

solutions with 908 scattering angle at 258C. Figure 23.5d shows a representative DLS diagram of

PEG5k–DSPE micelles containing 4 nm SPIO nanoparticles. The mean hydrodynamic diameter

was measured to be 17G1 nm. The mean hydrodynamic diameters were 75G4 and 97G6 nm for
q 2006 by Taylor & Francis Group, LLC
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PEG-b-PCL micelles containing 4 and 8 nm SPIO particles (Figure 23.5e and Figure 23.5f),

respectively.

The T1 and T2 relaxivities of different micelle particles were determined on a clinical 1.5 T

scanner (Siemens Sonata). The T1 relaxivities for different micelle formulations were comparable

and ranged from 1.3 to 2.9 Fe mMK1 sK1. In contrast, the T2 relaxivities of micelles notably

depended on SPIO clustering, SPIO diameter, and loading density. Figure 23.6 illustrates the

MR signal intensity as a function of Fe concentration for two micelle formulations. The top row

shows SPIO (4 nm) particles individually encapsulated by PEG5k–DSPE lipid (sample in

Figure 23.5a), and the bottom row shows PEG-b-PCL micelles loaded with the same 4 nm SPIO

particles (sample in Figure 23.5b). At the same Fe concentration, SPIO-loaded PEG-b-PCL

micelles showed significantly increased contrast in these T2-weighted images. The T2 relaxivity

increased from 25 for single SPIO micelles to 169 Fe mMK1 sK1 for SPIO-loaded polymeric

micelles (w7 fold increase). Clustering of SPIO particles considerably increased the T2 relaxivity

per Fe concentration. For polymeric micelles, further increase in SPIO diameter (e.g., from 4 to 8

and 16 nm) also led to significantly increased loading density and enhanced T2 relaxivity. The

values of T2 relaxivity reached 318 and 471 Fe mMK1 sK1 for micelles loaded with 8 and 16 nm

Fe3O4 particles, respectively.40

The MR sensitivity of detection was measured for the micelle formulations using a T2-

weighted scan (TRZ5000 ms, TEZ40 ms) in an in vitro test tube experiment. The sensitivity

limit is defined as the micelle concentration where the MR signal intensity decreases to 50% of the

signal of pure water. For PEG-b-PCL micelles loaded with 16 nm SPIO particles, the highest

sensitivity limit was observed at 5.2 mg/mL. In this micelle formulation, the micelle diameter is

110G9 nm, and Fe3O4 loading is 54.2%. Because the molecular weight of typical micelles is on the

order of 106 g/mol,2 the above sensitivity limit corresponds to a micelle concentration of approxi-

mately 5 nM.
23.8 NON-INVASIVE MONITORING OF CELL AND TUMOR TARGETING

BY CRGD-ENCODED, SPIO-LOADED MICELLES

Recently, cRGD-encoded, SPIO-loaded polymer micelles using similar procedures were success-

fully developed as shown in Figure 23.2. In this system, 8 nm SPIO nanoparticles were

encapsulated (6.7 wt.%) into cRGD-encoded (50%) and non-cRGD (0%) PEG–PLA micelles.

The mean hydrodynamic diameters of both micelle formulations are approximately 40 nm by

dynamic light scattering measurement. In cell uptake experiments, tumor SLK endothelial cells

(1.2!106 cells) were co-incubated with SPIO micelles at the final iron concentrations of 0, and

12.5 mg/mL in 10% fetal bovine serum cell culture medium for two hours. The medium was then

removed, and the cells were gently washed twice with HBSS. Cells were detached by trypsin, and
q 2006 by Taylor & Francis Group, LLC
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with micelle treatment and PBS buffer were used as control. Images (b) and (c) correspond to the cells

incubated with 50% and 0% cRGD-micelles at 12.5 mg Fe/mL, respectively. (d) MR image of the vial

containing SLK cells without any micelle incubation. (e) MR image of the vial containing PBS. MRI intensity

is significantly darkened in cells incubated with cRGD-encoded micelles (b).
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cell pellets were collected after centrifugation at 1200 rpm for 5 min. Cells were then fixed

with 2% paraformaldehyde in phosphate-buffered saline (PBS) (200 mL) for two hours and

concentrated by centrifugation again. Finally, each sample was dispersed in 20 mL of 2%

agarose gel in PBS. A 384-well plate was used to contain the samples for MRI imaging. MR

images were collected with conventional T2-weighted spin echo acquisition parameters (TRZ
6,000 ms, TEZ90 ms).

Figure 23.7 shows the MR signal intensity of SLK cells incubated with cRGD-encoded and

non-cRGD micelles. Three major conclusions can be drawn from these experiments. First, cRGD-

encoded micelles led to significant reduction of MR signal amplitude over non-cRGD micelles as a

result of the increased micelle uptake in SLK cells. Second, non-specific uptake of non-cRGD

micelles is relatively small with minimal change in MR intensity over the Fe concentration range

from 0 to 12.5 mg/mL. Third, MR detection is highly sensitive in imaging tumor cells (1.2!106

SLK cells at 12!106 cells/mL) with specific avb3-mediated uptake of Fe3O4 micelles. At 12.5

Fe mg/mL, MR amplitude decreased from 9.44 for non-cRGD micelles to 4.98 for cRGD-encoded

micelles. The above data demonstrate the feasibility in producing biologically specific, highly

sensitive MR molecular probes based on the micelle construct and design.
23.9 CONCLUSIONS

The long-term goal of this research is to establish polymer micelles as a safe and efficacious

nanomedicine platform for targeted cancer therapy. The cRGD-encoded micelles have shown

superb targeting efficiency in cell culture in vitro that establishes the micelle foundation for

future in vivo evaluations in tumor-bearing mice. To facilitate the evaluation of tumor targeting

efficiency of these micelles, MRI-visible micelles have been developed. Clustering of SPIO

particles inside the micelle core led to a dramatic increase in T2 relaxivity. Together with high

loading density of Fe3O4 inside polymer micelles, they led to an ultra sensitivity of detection by

MRI per micelle basis (w5 nM). The much improved sensitivity of SPIO-loaded micelles may

prove essential in detecting low concentrations of micelle nanoparticles for in vivo intratumoral

tissue distribution studies by MRI.
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24.1 INTRODUCTION

Antisense oligonucleotides (antisense ODNs) are receiving increasing attention because of their

high selectivity toward the sequence of a target mRNA.1–4 The sequence-specific binding results in

the degradation of the target mRNA, leading to blockage of the target protein expression. Owing to

the features, antisense ODNs have been popularly employed for the modulation of specific gene

expression. The clinical use of antisense ODN, however, is still limited as a result of its intrinsic

properties: vulnerability to enzymatic digestion by humoral and cellular nucleases, and poor

cellular uptake in a target tissue.5–7 The susceptibility of ODN to enzymatic digestion has been

partly improved by modifying the ODN backbone with either phosphorothioate linkage or amide

linkage peptide nucleic acid (PNA).8–10 The problem with poor cellular uptake could be addressed

by employing cationic lipids and polymers.11–15 The electrostatic interaction between a cationic

lipid/polymer and negatively charged DNA or ODN can lead to the formation of polyelectrolyte

complex (PEC) nanoaggregates that can greatly facilitate cellular uptake of the polyanions by an

adsorption-induced internalization process called endocytosis. Despite their satisfactory per-

formance in intracellular gene transfer in vitro, the use of PEC is still limited because of its

rapid clearance and undesirable pharmacokinetic profiles upon intravenous administration.16,17
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A series of recent developments for micellar gene delivery systems could provide a chance to

overcome the potential problems concerning in vivo application of PEC systems. Self-assembling

polymeric micelles have been considered as potential drug carriers for anti-cancer drugs, including

nucleic acid-based therapeutic drugs such as antisense ODNs. Most polymeric micelles generally

have a core-shell structure composed of hydrophobic parts as an internal core and hydrophilic parts

as a surrounding corona. The hydrophilic corona could protect micelles from nonspecific adsorption

of serum proteins in the blood stream, leading to an avoidance of opsonization-induced clearance of

the micelles. The size of polymeric micelles, usually less than 100 nm, provides them with a chance

to escape from renal exclusion and reticulo-endothelial system (RES). Because of the small size of

the micelles, the enhanced permeability through loosened endothelial cell junctions in the vicinity

of solid tumors can also be expected. A hybrid conjugate of ODN with hydrophobic biodegradable

poly(D, L-lactic-co-glycolic acid) (PLGA) that exhibited micellar properties in aqueous solution

was recently introduced.6 PEC micelles are also a new class of gene delivery systems based on

electrostatically interacted DNA/polymer complexes. The PEC micelles could be prepared from the

interaction between ODN and cationic block copolymers, including poly(ethylene glycol) (PEG)-b-

poly(L-lysine) di-block copolymer and PEG-grafted polyethylenimine (PEI).18,19 Alternatively, the

PEC micelles could be also formed by interacting PEG-conjugated ODN (ODN–PEG) and cationic

polymers or peptides.20 These systems could provide ODN with the enhanced solubility of nano-

carriers and an improved stability against nuclease attacks. Introduction of cell binding ligands such

as transferring and folate could also enhance the cellular uptake and improve the in vivo tissue

distribution of the PEC micelles.
24.2 MICELLAR ANTISENSE OLIGONUCLEOTIDE DELIVERY SYSTEMS

24.2.1 POLY(D, L-LACTIC-CO-GLYCOLIC ACID)-OLIGONUCLEOTIDES

HYBRID POLYMERIC MICELLES

Micelle-forming amphiphilic copolymers have been utilized as a solubilizer and carrier of various

hydrophobic drugs, including several water insoluble anti-cancer drugs. An A–B type block copo-

lymer of PEG-b-PLGA, containing doxorubicin conjugated to the terminal end of PLGA, could

form micelles and remarkably improve the cellular uptake of doxorubicin.21 Slow degradation of

PLGA chains permit sustained release of the conjugated drug over a desired period. An alternative

micelle-forming copolymer composed of PLGA and ODN (ODN/PLGA) was synthesized for

intracellular ODN delivery.6 Water-insoluble PLGA segments serve as a hydrophobic core and

hydrophilic ODN as a surrounding corona, resulting in an amphiphilic structure similar to A–B type

di-block copolymers. The ODN/PLGA could form spherical micelles with a size of ca. 80 nm. The

micelles have a critical micelle concentration (cmc) ranging from 5 to 10 mg/L, depending on the

analytical methods. When ODN/PLGA micelles were subjected to incubation in an aqueous

solution, the micelles released ODN in a sustained manner by controlled degradation of conjugated

PLGA chains. The micelles demonstrated much higher intracellular delivery efficiency in NIH3T3

mouse fibroblast cells when compared to naked ODN. The fluorescently labeled micelles were

distributed over the cytoplasm of the cells, suggesting the micelles were taken up by the cells

via endocytosis.

24.2.2 OLIGONUCLEOTIDE DELIVERY SYSTEMS BASED ON POLYELECTROLYTE COMPLEX MICELLES

Electrostatic interaction between oppositely charged polyelectrolytes (e.g., polycations and DNA)

leads to the formation of nanoparticular polyelectrolyte complex (PEC) by charge neutralization.

The nanoparticulates are usually unstable in aqueous milieu as a result of the high incidence of

collision among particles and their high surface energy. Because they tend to aggregate one

another, often resulting in precipitation, the complex formation between polycations and
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polyanions (ODN or plasmid DNA) should be nonstoichiometric; there the surface charge of the

complexes should be negative (polyanions excess) or positive (polycation excess). The nonstoi-

chiometric condition between polycation and polyanion can prevent the premature inter-particular

aggregation by charge repulsion among the complexes during their formation.22 However, the

complexes with negatively charged surfaces are not appropriate for intracellular gene transfer

because of the negatively charged characteristics of the cellular membrane. The positively

charged particles are also undesirable for in vivo application because of their susceptibility to

the nonspecific interaction of serum components such as negatively charged albumin that could

often lead to inter-particular aggregation in the blood stream or opsonization-mediated clearance

by reticuloendothelial cells. The introduction of hydrophilic PEG segments to the complexes’

surfaces greatly increases their stability, not only enhancing the solubility of the complexes,

but also efficiently preventing inter-particular aggregation by the steric effect of the flexible PEG

chains.23,24 Depending on the length (molecular weight) and density (the number of PEG present on

the surface), the PEG chains around the PEC are often enough to shield the surface charge of the

nonstoichiometric complexes to achieve charge neutrality of the complex surface.25–28

Block or graft copolymers consisting of a cationic polymer and PEG were reported to form PEC

micelles by interacting with negatively charged ODN or plasmid DNA. When a poly(1-lysine)-PEG

(PLL-b-PEG) di-block copolymer interacts with negatively charged ODN or plasmid DNA, self-

assembled micelles can generate.18 The charge neutralization between polycation and negatively

charged polynucleotide could form a core-shell type nanoparticulate, entrapped and surrounded by

a hydrophilic PEG segment. Similarly, the formation of self-associated micelles based on the

interaction between counter ions could also be observed in a mixture of PEG-grafted PEI and

alkyl sulfates.19 The surrounded hydrophilic shell not only stabilizes the micelles, but also increase

water solubility of the particles. The PEC micelles formed from PLL-b-PEG, and ODN showed a

spherical shape with a diameter of about 50 nm as determined by dynamic light scattering. The

formation of PEC micelles also greatly enhanced the stability of particles. Overnight incubation at

room temperature and even storage under frozen conditions did not affect the size distribution of the

micelles.18 The addition of oppositely charged poly(aspartic acid) to PLL-b-PEG/DNA PEC

micelles caused exchange reaction between poly(aspartic acid) and DNA, leading to a release of

DNA in the medium.29 This result suggested that the PEC micelle-based delivery system could

stabilize the complex and increase its water solubility by efficiently compartmentalizing it within

PEG shells while retaining its DNA releasing capability by exchange reaction with counter ions.

The PEC micelles also efficiently protect the encapsulated ODN or plasmid DNA from enzymatic

attack.30,31 Environmental stimuli-sensitive PEC micelles were prepared using thiolated PLL-b-

PEG. The micelles formed from thiolated PLL-b-PEG and ODN were dissociated to release ODN

in the presence of reduced glutathione, suggesting that the ODN entrapped in PEC micelles could

be released in a cytoplasmic environment for proper therapeutic activity of ODN.32 Other poly-

amine-PEG conjugates including PEI–PEG and polyspermine (PSP)-PEG also showed PEC

micelles forming capability when introduced to ODN.33,34 Diameters of the PEC micelles from

PEI–PEG and PSP–PEG were ca. 32 nm and ca. 12 nm as determined by dynamic light scattering

and transmission electron microscopy (TEM). The micelles could be stably stored in a solution for

several months. The micellar formulation could efficiently minimize the nonspecific interaction

with a major component of serum proteins, namely, bovine serum albumin (BSA).

Recently, an alternative class of PEC micelles-based ODN delivery systems where PEC

micelles could form from the interaction between PEG-conjugated oligonucleotide and polycation

was introduced. Figure 24.1 shows the schematic diagram of the formation of PEC micelles. An

A–B block-type conjugate, ODN–PEG, was synthesized.20 An acid labile phosphoroamidate

linkage was employed between ODN and PEG as a stimuli-sensitive linkage for the efficient

release of ODN from the micelles in acidic endosomal pH. The ODN–PEG conjugate could

self-associate to form PEC micelles, by interacting with several functional polycations such as

fusogenic KALA peptide, PEI, and protamine (Figure 24.2). The charge-neutralized
q 2006 by Taylor & Francis Group, LLC
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FIGURE 24.1 The schematic diagram of the formation of PEC micelles.
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ODN/polycation complex was entrapped and compartmentalized by surrounding PEG corona to

form a stable core-shell structure. The spontaneously formed PEC micelles showed a spherical

shape with a diameter of ca. 70 nm and a narrow distribution.35 The PEC micellar formulation

demonstrated much higher intracellular transport efficiency when compared to naked ODN. When

formulated with antisense ODN corresponding to c-myc or c-raf mRNA, the PEC micelles could

remarkably inhibit the proliferation of smooth muscle cells (A7R5) or ovarian cancer cells (A2780),

respectively.35,36 The formation of PEC micelles between ODN–PEG conjugate and linear PEI

provides ODN with enhanced nuclease resistance.37 The PEC formulation also showed minimal

adsorption of serum proteins, suggesting that the surrounding PEG shell could provide the nano-

particulate with improved water solubility and with an efficient protection from the nonspecific or
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FIGURE 24.2 Influence of PEC micelles containing antisense c-myb on the proliferation of smooth muscle

cells. Each PEC micelle was prepared by ODN–PEG conjugate with different polycations, KALA, PEI, and

protamine. The size and surface zeta-potential values of the different micellar formulations were similar to

those of the ODN–PEG/KALA formulation. The concentration of antisense ODN used in each formulation

was 20 mg/ml. (From Jeong, J. H., Kim, S. W., and Park, T. G., Bioconjug. Chem., 14, 2003. With permission.)
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specific interaction with extracellular or intracellular proteins. These features would make PEC

micellar formulation feasible for in vivo applications, especially for a systemic administration.
24.2.3 IN VIVO APPLICATIONS

There are two important factors that should be considered in designing polymeric gene carriers for

in vivo application: pharmacokinetic behaviors in systemic circulation and cellular uptake and

intracellular trafficking of the carriers. Systemically administered polymeric gene carriers could

experience a number of barriers upon injection, including the attacks of extracellular nucleases and

systemic clearance systems such as RES. The accumulation of the carriers in a desired tissue or

organ could also be one of the barriers the carriers should overcome. Even after arriving at the

appropriate destination, there are more cellular barriers, including cellular uptake, escape from

endosomal compartment, and localization into the nucleus when it is required. A number of

previous reports on micelle-based drug delivery systems demonstrated improved pharmacokinetics

and cellular internalization.21,38–42 The PEC micelles have a similar core-shell structure to poly-

meric micelles. The surrounding hydrophilic shell could minimize the nonspecific adsorption of

serum proteins to avoid the surveillance of the systemic clearance systems, allowing prolonged

circulation of the carrier. Also, the colloidal size of PEC micelles makes it feasible for them to be

used for passive tumor targeting. Nanoparticulates, generally having less than 100 nm, could be

expected to experience enhanced permeability and retention in the vicinity of a solid tumor.43 In

addition, the use of functional polymers that can facilitate the endosomal escape of ODN will be

advantageous to improve intracellular trafficking. For example, PEI, one of the commonly used

cationic gene carriers, has a high buffering capacity that may facilitate escape of the complexes

from the endosomal compartment.44

In vivo anti-tumor activity of the PEC micellar formulation (ODN–PEG/PEI) containing anti-

sense ODN that blocks the expression of c-raf gene was evaluated by intratumoral injection in nude

mice with subcutaneously implanted solid tumor xenograft derived from human ovarian cancer.18

Significant retardation of solid tumor growth was observed in PEC formulation with antisense c-raf

ODN compared to the formulations with a scrambled ODN and PBS (Figure 24.3). When the PEC

micelles containing antisense c-raf ODN were intravenously administered to the mice bearing a
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FIGURE 24.3 Effect of ODN–PEG/PEI PEC micelles containing antisense c-raf ODN on the growth of

human ovarian cancer-derived tumor xenograft in nude mice. Each ODN formulation was administered

intratumorally at 2.5 mg kgK1 injectionK1. (From Jeong, J. H., Kim, S. W., and Park, T. G., J. Control.

Rel., 93, 2003. With permission.)
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administered through tail vein at 2.5 mg kgK1 injectionK1. (From Jeong, J. H., Kim, S. H., Kim, S. W., and

Park, T. G., Bioconjug. Chem., 16(4), 2005. With permission.)
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solid tumor derived from human lung cancer, the proliferation rate of the tumor was significantly

reduced (Figure 24.4).35 The PEC micellar formulation also exhibited much higher deposition of

ODN in a solid tumor region than in a naked ODN after 12 h of intravenous injection through a tail

vein (Figure 24.5). Taken together, the results suggested the hydrophilic PEG shell surrounding

charge-neutralized polyelectrolyte core could successfully inhibit the nonspecific interaction of

serum proteins in the blood stream. Also, through loosened vasculature near the rapidly growing

tumors, the nanosized particles could be targeted to the solid tumor by the enhanced permeation and

retention (EPR) effect.43
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FIGURE 24.5 Accumulation of ODN–PEG/PEI PEC micelles in solid tumor (human lung cancer) after

intravenous administration. (From Jeong, J. H., Kim, S. H., Kim, S. W., and Park, T. G., Bioconjug. Chem.,

16(4), 2005. With permission.)

q 2006 by Taylor & Francis Group, LLC



Targeted Antisense Oligonucleotide Micellar Delivery Systems 483
24.3 LIGAND-MEDIATED TARGETING OF ANTISENSE OLIGONUCLEOTIDES

Nonviral carriers do not have an inherent selectivity of cell surface binding and internalization. The

limitation can be addressed by conjugating various ligands targeting specific cells or tissure to

polymeric gene carriers. The PEC micelles demonstrated promising potential as a carrier for

systemic cancer treatment that could target solid tumors. In conjunction with the passive targeting

property, it would be advantageous if the PEC micelles have cell- or tissue-specific ligands on the

surface. The specific ligand could play an additional role for enhanced internalization of PEC

micelles into the cells by receptor mediated endocytosis.
24.3.1 LIGAND-MEDIATED ODN TARGETING SYSTEMS BASED ON PEC MICELLES

A graft copolymer composed of PEI and PEG where the terminal end of PEG was biotinylated for

further conjugation was synthesized and used for ligand-mediated targeting of cancer cells. PEC

micelles could be generated by interacting biotinylated PEI-g-PEG and ODN. Avidin was attached

to the biotin located at the end of the PEG segment and biotinylated trasferrin (Tf) was subsequently

attached to the avidin to obtain a PEI–PEG-Tf conjugate.45 Enhanced cellular uptake of PEI–PEG-

Tf/ODN PEC micelles was shown in cancer cells. When formulated with antisense ODN targeting

multi-drug efflux transporter protein, P-glycoprotein (P-gp), the PEI–PEG-Tf/ODN PEC micelles

efficiently inhibit the expression of the P-gp, leading to intracellular accumulation of a P-gp specific

probe (rhodamine 123) in multi-drug resistant (MDR) cancer cells.

Based on the same idea of PEG–ODN, a small interference lactosylated PEG-siRNA (Lac-

PEG-siRNA) conjugate was recently synthesized.46 An acid-labile b-thiopropionate linkage was

introduced between siRNA and PEG to facilitate acid-triggered intracellular release of siRNA in

the cytoplasm. The PEC micelles were prepared by interacting the PEG-siRNA conjugate with

PLL, and they formed spherical shape nanoparticulates with an average diameter of. 117 nm. The

lactose moiety at the end of the PEG segment could target the asialogycoprotein of hepatocytes to

facilitate the receptor-mediated endocytosis of the PEC micelles. The PEC micelles demonstrated a

significant RNA interference (RNAi) activity in human hepatoma cells (HuH-7), comparable to that

of commercial cationic liposome-based carrier oligofectAMINE.
24.3.2 IN VIVO APPLICATIONS

PEC micelles demonstrated potential as a tumor targeting carrier for antisense ODN. Owing to their

small size (generally less than 100 nm), the PEC micelles could be passively located in a solid

tumor region through the loosened endothelial vasculature of the tumors by EPR effect. In addition

to the passive targeting property, it would be more desirable if the carrier could also target a specific

cell or tissue. Folate (FA) has been recognized as a potential targeting ligand for cancer cells.

Expression of FA receptor is frequently up-regulated in a number of malignant tumors and highly

restricted in normal cells and tissues.47,48 Therefore, FA was coupled to several polymeric carriers

for drug targeting to cancer cell.38,49,50 FA has also been used for the modification of cationic

polymers for tumor-targeted gene delivery. 51–53 Recently, ODN–PEG conjugate having FA at the

end of PEG was synthesized for the systemic treatment of cancer based on PEC micelle delivery

system.54 The size of ODN–PEG–FA/PEI PEC micelles was ca. 90 nm with narrow distribution.

Systemic administration of the micellar formulation to nude mice bearing human tumor xenograft

derived from KB cells, FA-over-expressed the cells (KB cells), demonstrating the enhanced depo-

sition of ODN in solid tumor region when compared to ODN–PEG/PEI PEC micelles. However, no

significance in tumor deposition of ODN was observed between ODN–PEG–FA and ODN–PEG

formulations in FA-receptor negative tumor xenograft model (A549 cells).
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24.4 CONCLUSIONS

Polymeric gene carriers have been developed as substitutes for viral vectors that could cause a

series of unexpected side effects such as immunogenecity and oncogenecity. Micelle-based gene

carriers exhibited a number of advantageous features for systemic delivery, including colloidal

stability in solution, reduced interaction with components of biological fluid, improved in vivo

pharmacokinetics, and the possibility of passive and active targeting of cancers. The intracellular

pharmacokinetic behavior of the nucleic acid-based therapeutics could also be improved by

employing functional polymers with the existing formulation. Although there is still room for

further improvement, the micellar gene delivery system could be considered a good example of

a multi-functional drug delivery platform that has the potential to overcome a number of intrinsic

barriers in the in vivo application of therapeutic genes.
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25.1 INTRODUCTION

Dendrimers are highly branched, mono-disperse macromolecules, characterized by layers from a

core focal point called generations and multivalent end group functionalities. The word dendrimer

originated from the Greek dendron, meaning “tree” and meros, meaning “part.”

Dendrimers are prepared by iterative synthetic steps. First, Vögtle and coworkers reported the

synthesis of dendritic structures as cascade molecules.1 A lot of dendrimers have been developed,

and they have become a subject of intense research, including within electrochemistry, photophy-

sics, and supramolecular chemistry.2,3 Over the past decade, characteristics such as a highly defined

structure, modifiable surface functionality, and an internal cavity of dendrimers have aroused

scientists’ interest in the biomedical field. In recent years, dendrimers have shown potential in

fields, including drug delivery, gene delivery, magnetic resonance imaging (MRI), and anti-cancer

therapeutics.4–6

The focus of this review is the history and the current trends of dendrimer application for drug

and gene delivery systems.
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25.2 DRUG DELIVERY

25.2.1 INTRODUCTION

The development of an efficient drug delivery system is very important to improve the pharma-

cological activity of drug molecules. Various types of drug delivery systems have been designed,

including liposomes, polymeric micelles, etc.7–9 Dendrimers have emerged as new alternatives and

efficient tools for delivery of drug molecules. Figure 25.1 shows the molecular structures of various

dendrimers used for delivery systems. Generally, bioactive drugs have hydrophobic moieties in

their structure, resulting in low water-solubility that inhibits efficient delivery into cells. Dendri-

mers designed to be highly water-soluble and biocompatible have been shown to be able to improve

drug properties such as solubility and plasma circulation time via various formulations and to

deliver drugs efficiently. In comparison to linear polymeric carriers, the multivalent functionalities

of dendrimers can be linked to drug molecules or ligands in a well-defined manner and can be used

to increase the binding efficiency and affinity of therapeutic molecules to receptors via synergistic

interaction. In addition, the low polydispersity of dendrimers can show a reproducible

pharmacokinetic pattern.
25.2.2 NON-COVALENT ENCAPSULATION OF DRUGS

Drug delivery using unimolecular micelles has the advantage that the micellar structure is main-

tained and not disrupted at all concentrations, contrary to the behavior of conventional polymeric
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FIGURE 25.1 Structures of various dendrimers. (a) Unimolecular micelle, (b) poly(amidoamine) dendrimer,

(c) polyaryl ether dendrimer, (d) polyester dendrimer based on 2,2-bis(hydroxymethyl)propionic acid.
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micelles because all segments are covalently connected. Newkome et al. reported that a dendritic

unimolecular micelle was shown to solubilize various hydrophobic guest molecules in the internal

hydrophobic cavities.10 However, the problem of these systems for drug delivery is their high

hydrophobicity. So, water-soluble and biocompatible poly(ethylene glycol) (PEG) has been intro-

duced to the drug delivery systems.

Initially, dendrimers were used for delivery systems mediated by non-covalent encapsulation of

drugs as unimolecular micelles and dendritic boxes. Meijer and coworkers first reported the

dendritic box based on the construction of a chiral shell of protected amino acids onto poly(pro-

pyleneimine) (PPI) dendrimers with 64 amine end groups (Figure 25.2).11 They showed that the

guest’s and cavity’s shapes determine the number of guests entrapped in the dendritic box; the

architecture of the dendrimer is important, and shape-selective liberation of guests could be

achieved by removing the shell in two steps.12 Meijer and coworkers also developed a new

host–guest system by synthesizing oligoethyleneoxy-modified PPI dendrimers, and they studied

the interactions in aqueous media by UV/Vis titration.13 PEGylated PPI dendrimers were also

prepared as drug delivery systems by Pales and coworkers.14 PEGylated PPI dendrimers were
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shown to enhance water-solubility of encapsulated pyrene and betamethasones, securing their

application as promising controlled release drug carriers. Encapsulated molecules were found to

be solubilized in both regions of the interior of dendrimers and the PEG coat. The same group

reported that the introduction of quaternary ammonium groups to PPI dendrimers not only

enhanced the water solubility, but they also affected the protonation titration profile, leading to

the release of the entrapped molecule within a narrower pH region.15 Pyrene is released when the

internal tertiary amines get protonated between pH 4 and 2, suggesting these dendrimers are

potential candidates for pH-sensitive controlled-release drug delivery systems.

Poly(amidoamine) (PAMAM) dendrimer that was first developed by Tomalia et al.16 also has

been extensively studied for non-covalent encapsulation of drug molecules. PAMAM dendrimers

are water-soluble and biocompatible, and they possess internal cavities hosting guest molecules.

Twyman et al. modified the ester end groups of half-generation PAMAM dendrimers with Tris.17

This highly water-soluble dendrimer could solubilize hydrophobic guest molecules at pH 7.0, but it

lost its binding capability to guest molecules at pH 2.0, presumably because of the protonation of

the internal tertiary amines.

To improve biocompatibility and water-solubility, PEG was grafted on the surface of PAMAM

dendrimers. PEG-attached PAMAM dendrimers could encapsulate anti-cancer drugs, adriamycin,

and methotrexate, and their ability to encapsulate these drugs increased with the increasing

dendrimer generation and chain length of PEG grafts.18 The dendrimers slowly released the

drugs in low ionic strength solution; however, drugs were readily released in isotonic solutions.

Another group explored the use of PEGylated PAMAM dendrimers for delivery of the anti-cancer

drug 5-fluorouracil (5-FU) in vitro and in albino rats.19 PEGylation of dendrimers was found to

increase their drug-loading capacity and reduce the drug release rate and hemolytic toxicity,

suggesting the use of PEGylated PAMAM dendrimers as prolonged delivery systems.

Haba et al. prepared PEG-modified PAMAM dendrimers having methacryloyl groups on the

chain ends of the dendrimer for drug delivery.20 After linking of the methacryloyl groups, they

found that the dendrimer decreased its affinity against rose Bengal because of its hiding the

dendrimer interior of the peripheral network and that the dendrimer having the peripheral

network retained Rose Bengal dye molecules tightly in their interior. This result indicated that

the linking of polymerizable groups attached to the periphery of the dendrimer could be an efficient

approach for retaining guest molecules in their interior, and that they could be used as photo-

sensitizers for photodynamic therapy (PDT) and as boron10-containing compounds for neutron

capture therapy because these pharmaceutical molecules could exhibit their therapeutic effects,

even if they are not released from their carriers.

Frechet and coworkers synthesized novel dendritic unimolecular micelles with a hydrophobic

polyether dendrimer core surrounded by hydrophilic PEGs.21 For the G-3 micelle, the loading of

indomethacin was found to be of 11%, a value corresponding to approximately nine to ten drug

molecules per micelle, and preliminary in vitro release tests showed that sustained release charac-

teristics were achieved. Recently, linear dendritic block copolymers comprising PEG and either a

polylysine or polyester dendrons were designed, and highly acid-sensitive cyclic acetals were

attached to the dendrimer periphery for pH-responsive micelle systems.22 At pH 7.4, the fluor-

escence of micelle-encapsulated Nile Red was constant, indicating it was retained in the micelle,

whereas at pH 5, the fluorescence decreased, consistent with its release into aqueous solution. The

rate of release was strongly correlated with the rate of acetal hydrolysis. These results suggest that

the loading and controlled-release of drugs are dependent on the chemical structure of

the dendrimer.

A novel triblock copolymer composed of citric acid dendritic blocks and PEG core was

synthesized and applied as a drug delivery system.23 The dendrimers were found to be able to

trap various hydrophobic drugs in their suitable sites and to release them in a controlled manner in

in vitro experiments.
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25.2.3 COVALENT CONJUGATION OF DRUGS

Another approach for dendritic drug carriers is based on covalent conjugation of drug molecules to

the dendrimer periphery using the multivalency of dendrimers. Although many drug molecules

were conjugated to the dendrimers through non-degradable linkages, introducing degradable bonds

between the drug and the dendrimer can control the release of drug molecules. Figure 25.3 shows

the scheme of drug-conjugated dendrimers.

Dendrimers were first used for immunoconjugates. Chemical modification of the antibody with

drug molecules often diminished its biological activity, but approaches to link the antibody to

another macromolecule including the dendrimer were reported to increase drug loading while

retaining the activity. Roberts et al. conjugated antibody to porphyrin to chelate radiolabeled

copper ions using PAMAM dendrimer as a linker.24 They found that 100% of the porphyrin

bound to the heavy chain of the antibody, and dendrimer conjugates contributed 90% of the

immunoactivity of unmodified antibody and showed a high radiolabeling level in contrast to the

conjugates obtained through the random-coupling method. PAMAM dendrimers were also

modified chemically by reaction with 1,4,7,l0-tetraazacyclododecanetetraacetic acid (DOTA)

and diethylenetriaminepentaacetic acid (DTPA) type bifunctional metal chelators and used as a

linker to monoclonal antibody (moAb) 2E4.25 The dendrimer–antibody conjugates were found to

retain biological activity and to be easily radiolabeled, suggesting use of these dendrimer conju-

gates for moAb-based radiotherapy or imaging. Recently, Patri et al. conjugated anti-PSMA

(prostate-specific membrane antigen) to PAMAM dendrimer labeled with FITC and capped with

acetic anhydride to minimize the non-specific interaction with the cell surfaces for targeting

prostate cancer.26 This dendrimer conjugate showed great potential to target PSMA-positive

LNCaP cell line with minimal loss of immunoreactivity. Meanwhile, PAMAM dendrimers were

utilized to investigate the potential for cancer chemotherapy by conjugating with anti-cancer drugs.

Cisplatin, a potent anti-cancer drug, was conjugated to PAMAM dendrimer, giving a dendrimer–

platinate that was highly water-soluble and released platinum slowly in vitro.27,28 This dendrimer

conjugate showed more potent anti-tumor activity than cisplatin and selective accumulation in solid

tumor tissue and was also less toxic than cisplatin. Zhuo et al. synthesized a water-soluble acetyl-

ated PAMAM dendrimer series with a core of 1,4,7,10-tetraazacyclododecane and linked it to

1-bromoacetyl-5-fluorouracil to form dendrimer–5-FU conjugates.29 Hydrolysis of the conjugates

in a phosphate buffer solution could release free 5-FU in a generation-dependent manner, showing

the dendrimer conjugate seems to be a promising carrier for the controlled release of anti-tumor

drugs. Wang et al. used PAMAM dendrimers for doxorubicin (DOX) delivery.30 They conjugated

semitelechelic poly[N-(2-hydroxypropyl)-methacrylamide] macromolecules (ST-PHPMA,) to the

periphery of PAMAM dendrimer and introduced DOX to the dendrimer conjugate, star-like HPMA

copolymer. It showed lower cytotoxicity than other brush-like polymer-DOX in A2780 human

ovarian carcinoma cell line and a slow rate of in vitro DOX release, demonstrating that the

differences of DOX internalization because of the structure of the polymers would result in different
Drug

Targeting molecule

Drug

FIGURE 25.3 Schematic view of drug–dendrimer conjugate. A dotted line, degradable linkage; a black line,

non-degradable linkage.
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intracellular DOX concentrations with cytotoxicity changes. 5-Aminosalicylic acid (5-ASA) was

also conjugated to PAMAM dendrimers using two different spacers containing azo-bond, p-amino-

benzoic acid (PABA), and p-aminohippuric acid (PAH) for colonic delivery.31 The dendrimer

conjugates incubated in rat fecal contents showed colon-specific and prolonged release of

5-ASA through reductive cleavage of azo-bond bycolonic bacteria, suggesting the potential for

colon-specific drug delivery carriers. In addition, Quintana et al. attached folic acid to acetamide-,

hydroxyl-, or carboxyl-capped PAMAM dendrimers conjugated with methotrexate (MTX) to target

tumor cells through the folate receptor.32 These dendrimer conjugates showed enhanced cellular

uptake, and this targeted delivery improved the cytotoxic response of the cells to MTX 100-fold

over the free drug. Recently, Tansey et al. also conjugated folic acid and indocyanine green, a

model diagnostic agent to biodegradable poly(L-glutamic acid) (PG) chain-terminated PAMAM

dendrimer for tumor targeting.33 The PG–dendrimer conjugates showed a more prolonged

degradation pattern than linear PG chain in the presence of lysosomal enzyme. After conjugation

of PEG, the dendrimer conjugates were found to show reduced non-specific interaction and to bind

selectively to tumor cells expressing folate receptors.

Folic acids have already been conjugated to acid-labile hydrazide-terminated polyaryl ether

dendrimers to target tumor cells by Frechet and coworkers.34 The conjugates are soluble in aqueous

medium above pH 7.4. The anti-tumor drug methotrexate was also attached to the dendrimers. The

same group also prepared polyaryl ether dendrimer–PEG conjugates as model drug carriers.35

Cholesterol and two amino acid derivatives were attached to the dendrimer via carbonate, ester,

and carbamate linkages.

Greenwald and coworkers synthesized novel PEG–poly(aspartic) acid dendron conjugates and

attached an anti-tumor agent, cytosine arabinoside (ara-C), to the dendron conjugates.36 These

conjugates showed greater tumor inhibition than free drugs and increased aqueous solubility,

resulting in high loading and controlled release of drugs. Another study of conjugation of ara-C

to PEG-dendrons composed of aminoadipic acid was accomplished by Schiavon et al.37 The

conjugates also presented prolonged blood residence time and higher loading of drugs.

Polyester dendrimers based on the monomer unit 2,2-bis(hydroxymethyl)propanoic acid were

also developed as drug carriers both in vitro and in vivo.38 These dendrimers were found to be both

water soluble and non-toxic. A 3-arm PEG–polyester dendrimer hybrid that conjugated with DOX

via a hydrazone linkage susceptible to acidic hydrolysis showed pH-dependent drug release in vitro

and a degree of anti-cancer activity in cancer cell lines. In addition, the little accumulation of the

dendrimer conjugate found in any organ examined, including the liver, heart, and lungs, suggested

that it is highly water soluble and biocompatible.

Recently, a novel approach to developing covalently conjugated dendritic drug carriers was

presented by two different groups.39,40 These cascade-release or self-immolative conjugates were

able to simultaneously release all drug molecules connected to the dendritic termini by a single

trigger, resulting in whole dendrimer collapse. Moreover, Shabat and coworkers demonstrated self-

immolative dendrimers as a platform for multi-prodrugs, activated by a single enzymatic clea-

vage.41 The bioactivation of the heterodendritic prodrugs of DOX and campothecin (CPT) was

evaluated using the Molt-3 leukemia cell line, and the conjugates showed a mild to significant

increase in toxicity in comparison with the classical monomeric prodrugs.
25.2.4 NEUTRON CAPTURE THERAPY

25.2.4.1 Boron Neutron Capture Therapy

Boron neutron capture therapy (BNCT) is a cancer-therapeutic application based on a nuclear

capture reaction of a lethal 10B(n,a)7Li3C reaction.42 If 10B can be delivered at a concentration

of at least 109 atoms per cell to tumor tissue, subsequent irradiation with thermal or epithermal

neutrons produces highly energetic a particles and Li3C ions that damage the tumor cells in nuclear
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fission reaction. To deliver high levels of boron in tumor tissue, it is proposed to use dendrimers as

boron carriers for their well-defined molecular structure and multivalency.

Initially, Barth et al. utilized PAMAM dendrimers in order to boronate moAb IB16-6 that

targeted murine B16 melanoma using isocyanato polyhedral borane (Na(CH3)3NB10H8NCO).43

The boronated dendrimers were found to localize in the liver and spleen in in vivo distribution

study, leaving a question of if the properties of boronated dendrimers can be modified to reduce

their hepatic and splenic localization. Calssonn and coworkers attached epithermal growth factor

(EGF) to boronated PAMAM dendrimers in order to target EGF receptor (EGFR) that is over

expressed in brain tumors.44 The boronated dendrimers-EGF were bound to malignant glioma cell

membrane and endocytosed, resulting in the accumulation of boron in lysosome. Although these

boronated dendrimers were localized in the liver and accumulated a little in the tumor after

intravenous injection into rats having intracerebral C6 glioma transfected with EGFR gene,

direct intratumoral injection could selectively deliver them to EGFR-positive gliomas.45 Recently,

use of another moAb that is directed against EGFR and EGFRvII, cetuximab (IMC-C225), was

investigated for boronated PAMAM dendrimer-mediated BNCT.46 There were w1100 boron

atoms per molecule of cetuximab with only a slight reduction of Ka. Localization study of these

conjugates in F98 rats bearing intracerebral implants of either EGFR-transfected or wild-type

gliomas by intratumoral injection showed specific molecular targeting of EGFR and accumulation

of boron.

To reduce the hepatic uptake of boronated dendrimers, PEG was introduced to the dendri-

mers.47 Moreover, folic acid was also conjugated to the dendrimers to target the folate receptors in

cancer cells. Among all the prepared combinations, boronated dendrimers with 1–1.5 PEG2000

units exhibited the lowest hepatic uptake in C57BL/6 mice. Interestingly, dendrimers containing

w13 decaborate clusters, w1 PEG2000 unit, and w1 PEG800 unit with folic acid attached to the

distal end showed receptor-dependent uptake in contrast to dendrimers containing w15 decaborate

clusters and w1 PEG2000 unit with folic acid attached to the distal end in in vitro studies using

folate receptor (C) KB cells. Biodistribution studies with former dendrimer in C57BL/6 mice

bearing folate receptor (C) murine 24JK-FBP sarcomas resulted in selective tumor uptake

(6.0% ID/g tumor), and they also showed an increase in uptake of the dendrimers by the liver

and kidney, warranting further effort in the optimization of biodistribution profiles of these

boronated dendrimers.

Polylysine dendrons also were examined for BNCT. Borane moieties were attached to the

periphery of the dendrons and peptide spacers linked the dendrons to targeting molecules such

as antibodies, a fluorescent moiety, and a PEG chain (Figure 25.4).48 This offered a promising

perspective for application in BNCT.
25.2.4.2 Gadolinium Neutron Capture Therapy

Although the vast majority of NCT research has involved various aspects of boron chemistry for

BNCT, 157Gd has also been suggested from theoretical and experimental studies with limited

success.49–51 To some extent, Gd complexes have been clinically employed as an MRI contrasting

agent.52 The potential to trace the in vivo pharmacokinetics of a Gd-NCT agent directly by MRI

would be useful for planning the neutron irradiation and to predict the therapeutic effect.

Kobayashi et al. synthesized avidin-G6-(1B4M-Gd)254(Av-G6Gd) from PAMAM dendrimer

G6, biotin, avidin, and 2-(p-isothiocyanatobenzyl)-6-methyl-diethylenetriaminepentaacetic acid

(1B4M).53 A sufficient amount (162 ppm) of Av-G6Gd was accumulated and internalized into

the SHIN3 cells both in vitro and in vivo to kill the cell using 157/155Gd with external irradiation

with an appropriate neutron beam while monitoring with MRI, suggesting that Av-G6Gd may be a

promising agent for Gd neutron capture therapy of peritoneal carcinomatosis, and it may have the

potential to permit monitoring of its pharmacokinetic progress with MRI.
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25.2.5 PHOTODYNAMIC THERAPY

PDT is a technique for inducing tissue damage with light, following administration of a light-

activated photosensitizing drug that can be selectively concentrated in malignant or diseased

tissue.54 Activation of the photosensitizer results in the generation of reactive oxygen species

(ROS), primarily singlet oxygen that oxidizes intracellular substrates such as lipids and amino

acid residues, leading to cell death. The most widely studied application of PDT to date is in cancer

therapy. However, the use of conventional photosensitizer systems bring skin phototoxicity,

damage to normal tissue because of poor tumor selectivity, poor water solubility, and difficulties

in treating solid tumors. In order to improve the disadvantages, dendrimers would be manufactured

as promising photosensitizer carriers through modification of peripheral functionality.

Battah et al. synthesized dendrimers with 5-aminolevulinic acid (ALA) moieties conjugated to

the periphery by ester bonds that are cleavable by esterase inside the cells for PDT.55 ALA is a

natural precursor of an effective photosensitizer protophorphyrin IX (PpIX), and its administration

can increased the cellular concentration of PpIX.56 These ALA dendrimers showed increased
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production of PpIX and higher cytotoxicity after irradiation relative to free ALA in tumorigenic

keratinocyte PAM 212 cell line.

Another approach of designing dendritic photosensitizers for PDT involved aryl ether

dendrimer porphyrins (DP) with either 32 quaternary ammonium groups or carboxylic acid

moieties on their periphery (Figure 25.5).57 Hydrophilic DPs were found to be localized in

membrane-limited organelles but hydrophobic PIX diffused through the cytoplasm, except the

nucleus. DPs showed remarkably higher 1O2-induced cytotoxicity against Lewis lung carcinoma

(LLC) cells and far lower dark toxicity than PIX, demonstrating their highly selective photosensi-

tizing effect in combination with a reduced systemic toxicity.

Zhang et al. entrapped DP with 32 amine groups on the periphery, [NH2CH2CH2NHCO]32DPZn

with polyion micells composed of PEG and poly(aspartic) acid for effective PDT.58 Compared to

[NH2CH2CH2NHCO]32DPZn, a relatively low cellular uptake of [NH2CH2CH2NHCO]32DPZn
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incorporated in the PIC micelle was observed, yet the latter exhibited enhanced photodynamic

efficacy on the LLC cell line. Also, this system was found to reduce the dark toxicity of the cationic

dendrimer porphyrin, probably as a result of the biocompatible PEG shell of the micelles.

Another approach for deeper tissue penetration was tried using two-photon absorption (TPA)

with near-infrared lasers. Porphyrin sensitizers have low TPA cross-sections, limiting their useful-

ness in TPA applications. Recently, Dichtel et al. attached donor chromophores capable of efficient

TPA to a central porphyrin acceptor for an enhanced TPA cross-section.59 This dendrimer was

found to enhance the effective TPA cross-section of a porphyrin acceptor, allowing more efficient

generation of singlet oxygen using 780 nm light. This result showed a potential use of PDT to

tumors below the skin surface.
25.3 GENE DELIVERY

25.3.1 INTRODUCTION

Cationic dendrimers have been reported to deliver genetic materials into cells by forming

complexes with negatively charged genetic materials through electrostatic interaction. The

complexes bound to cell membranes were known to be internalized into cells by endocytosis

(Figure 25.6). It has been postulated that the branched cationic polymers such as polyethyleneimine

or PAMAM dendrimer, having a high buffer capacity lead to polymeric swelling in acidic endo-

somes, disrupting the membrane barrier and resulting in release of the complexes.60 However, the

uptake and the transfection mechanism of cationic polymers are not yet fully understood. Recently,

two different mechanisms, caveolae and clathrin-mediated endocytosis, were also reported to

involve the uptake mechanism of the polyplexes.61

Several dendrimers have been synthesized and used for gene delivery carriers from a decade

ago. The history is not long, but the intense research on developing dendritic gene delivery carriers

has been carried out because of many characteristic advantages of dendrimers such as mono-

disperse size of dendrimers and controllable multivalent end-group functionalities.

25.3.2 PAMAM DENDRIMERS

It is only for a decade that the potential of dendrimers as gene delivery carriers has been investi-

gated. The first applied dendrimer for gene delivery was PAMAM dendrimer that was reported by

Haensler and Szoka.62 They showed that the dendrimers mediate high efficiency transfection of a

variety of suspension- and adherent-cultured mammalian cells, and dendrimer-mediated
DNA
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FIGURE 25.6 Scheme of dendrimer-mediated transfection.
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transfection is a function both of the dendrimer/DNA ratio and the diameter of the dendrimer. When

GALA, a water soluble, membrane-destabilizing peptide, is covalently attached to the dendrimer

via a disulfide linkage, transfection efficiency is increased by 2–3 orders of magnitude. Also, they

concluded that the high transfection efficiency of the dendrimers may be caused by the low pKa of

the amines in the polymer that permit the dendrimer to buffer the pH change in the endosomal

compartment. Kukowska-Latallo et al. also reported a high degree of transfection of PAMAM

dendrimers with minimal cytotoxicity in various cell lines.63 The addition of DEAE-dextran

increased the transfection efficiency, suggesting that dextran alters the nature of dendrimer/DNA

complexes. The most efficient transfection was achieved with a lysosomotropic agent such as

chloroquine, indicating that endosomal localization is a rate-determining step in transfection.

Mazda and coworkers investigated the transfection of the Epstein–Barr virus (EBV)-based

plasmid vector/PAMAM dendrimer complexes to improve the efficiency in hepatocellular carci-

noma cells (HCC) and cholangiocarcinoma cells.64,65 They found highly efficient suicide gene

transfer into various HCC cells by EBV-based plasmid vectors/PAMAM dendrimer complexes

in vitro, suggesting a possible application of this non-viral vector system to gene therapy of HCC,

and they reported that EBV-based plasmid vectors/PAMAM dendrimer complexes equipped with

the carcinoembryonic antigen (CEA) promoter showed high transfection in cholangiocarcinoma

cells, providing an efficient non-viral method for the targeted gene therapy of CEA-

producing malignancies.

Thermally degraded PAMAM dendrimers with heterodisperse structure (fractured PAMAM)

showed a dramatically enhanced transfection efficiency in in vitro experiments.66 Transfection

activity was found to be related both to the initial size of the dendrimer and to its degree of

degradation. The increased transfection after the heating process was thought to be principally

due to the increase in flexibility that enabled the fractured dendrimer to be compact when

complexed with DNA and swell when released from DNA. The dendrimers are presently sold

commercially by Qiagen as SuperFecte.

Bielinska et al. investigated the ability of PAMAM dendrimers to function as an effective

delivery system for antisense oligonucleotides (ODNs) and antisense expression plasmids for the

targeted modulation of gene expression.67 Transfections of ODNs or antisense cDNA plasmids

using PAMAM dendrimers resulted in a specific and dose-dependent inhibition of luciferase

expression. Binding of the phosphodiester oligonucleotides to dendrimers also extended their

intracellular survival. Delong et al. also evaluated PAMAM dendrimer (generation 3, Mr 6909)

as a potential delivery vehicle for oligonucleotides.68 Use of dendrimers resulted in a 50-fold

enhancement in cell uptake of oligonucleotide as determined by flow cytometry, enhanced cyto-

solic, and nuclear availability as shown by confocal microscopy. Interestingly, fluorescent dye,

Oregon green 488-conjugated dendrimer, was proved to be a much better delivery agent for anti-

sense compounds than unmodified dendrimer.69 This result suggested that coupling of relatively

hydrophobic small molecules to PAMAM dendrimers may provide a useful means of enhancing

their capabilities as delivery agents for nucleic acids.

The efficiency of cell transfection by PAMAM dendrimers was shown to be greatly increased

when anionic oligomers (oligonucleotide or dextran sulfate) were mixed with plasmids before

addition of the dendrimer.70 This enhancement of gene transfer by anionic oligomers depended

on their size, structure, and charge. This result may be due to modification of the interaction

between plasmids and dendrimers induced by the oligonucleotide that effect leads to a less

condensed structure of the polyplexes, thereby facilitating their penetration into cells.

The transfection efficiency of PAMAM dendrimers was also increased by addition of substi-

tuted b-cyclodextrins (b-CD).71 In vitro CAT expression was increased approximately 200-fold

when dendrimer/DNA/b-CD formulations were applied on the surface of collagen membranes,

indicating that b-CDs affected the physicochemical properties of dendrimer/DNA complexes.

Besides, PAMAM dendrimers conjugated with a-cyclodextrins (a-CDs) were investigated for

their potential as a gene delivery system.72 The gene transfer activity of a-CD dendrimer conjugate
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(G3) was higher than that of dendrimers (G2, G3, and G4) and of the a-CD conjugate (G2), and the

cytotoxicity of the a-CD conjugate (G3) was lower than that of the a-CD conjugate (G4). This

greatest gene transfer activity could be attributed to the synergistic interplay of the proton sponge

effect of the dendrimer (G3) and the tentative membrane-disrupting effect of a-CD on endosomal

membranes. Recently, the transfection efficiency of a-CD dendrimer conjugates was improved by

surface modification of dendrimers with mannose.73 The mannosylated conjugates were found to

have a much higher gene transfer activity than unmodified a-CD dendrimer in various cell lines,

which was independent of the expression of cell surface mannose receptors. Also, the conjugates

provided higher gene transfer activity than dendrimer and a-CD dendrimer conjugate in kidney

12 h after intravenous injection in mice.

Arginine conjugation to the periphery of PAMAM dendrimer was reported to greatly increase

the transfection efficiency.74 Arginine residues of HIV-Tat peptide are thought to perform an

important role in the intracellular translocation of molecular delivery.75 The arginine-conjugated

PAMAM dendrimer (PAMAM-Arg) showed enhanced gene expression in HepG2 cells, Neuro 2A

cells, and primary rat vascular smooth muscle cells in comparison with native PAMAM dendrimer.

It was presumed that the increased gene expression might be attributed to the difference in either the

cell-penetrating activity during uptake, the nuclear localization efficiency after entry into the

cytosol of arginine residues, or the synchronous function of both effects. Recently, Kang et al.

conjugated Tat peptide to PAMAM dendrimer G5 for cellular delivery of antisense and siRNA

oligonucleotides designed to inhibit MDR1 gene expression in vitro.76 However, the dendrimer

conjugate/oligonucleotide complexes weakly inhibited the gene expression, showing that conju-

gation of the dendrimer with the Tat cell-penetrating peptide failed to further enhance the

effectiveness of the dendrimer.

Lee et al. synthesized internally quaternized PAMAM-OH dendrimer (QPAMAM-OH) by

methylation of internal tertiary amines and investigated the gene delivery potency.77 Although

the dendrimer did not show high transfection efficiency in in vitro experiments, it could form a

complex with plasmid DNA unlike with unmodified PAMAM-OH dendrimer, and its cytotoxicty

was revealed to be very low in comparison with amine-terminated PAMAM dendrimer.

PAMAM dendrimers were also applied for ex vivo or in vivo gene delivery. Hudde et al.

investigated the efficiency of activated polyamidoamine dendrimers (SuperFecte) to transfect

rabbit and human corneas in ex vivo culture.78 Whole-thickness rabbit or human corneas were

transfected ex vivo with complexes of dendrimers and plasmids containing lacZ or TNFR-Ig genes.

Six to ten percent of the corneal endothelial cells expressed the marker gene, and corneas trans-

fected with TNFR-Ig plasmid were found to express TNFR-Ig protein. The fifth generation of intact

PAMAM dendrimers was also investigated for its ability to enhance gene transfer and expression in

a clinically relevant murine vascularized heart transplantation model.79 The complexes of the

plasmid pMP6A-beta-gal, encoding beta-galactosidase (beta-Gal), and dendrimer were perfused

via the coronary arteries during donor graft harvesting. The grafts infused with pMP6A-beta-gal/

dendrimer complexes showed beta-Gal expression in myocytes from 7 to 14 days. The complexes

containing 20 mg of DNA and 260 mg of dendrimer (1:20 charge ratio) in a total volume of 200 mL

resulted in the highest gene expression in the grafts. Prolonged incubation (cold ischemic time) up

to 2 h and pretreatment with serotonin were found to further enhance gene expression.

Kukowska-Latallo et al. evaluated in vivo gene transfer and expression by intravascular and

endobronchial routes using DNA complexed with G9 PAMAM dendrimer.80 After intravenous

administration of the dendrimer/pCF1CAT plasmid complexes, CAT expression was never

observed in organs other than the lung. Repeated intravascular doses, administered four times at

4-day intervals, maintained expression at 15–25% of peak concentrations achieved after the initial

dose. However, in contrast with vascular delivery, intranasal delivery of the complex was found to

give lower levels of CAT expression than that was observed with naked plasmid DNA. In situ

localization of CAT enzymatic activity suggested that vascular administration seemed to achieve

expression in the lung parenchyma, mainly within the alveoli, whereas endobronchial
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administration primarily targeted bronchial epithelium, showing that intravenously administered

G9 dendrimer was an effective vector for pulmonary gene transfer and that transgene expression

could be prolonged by repeated administration. PAMAM G4 dendrimer was also investigated for

in vivo tumor targeting and transfection.81 Biotinylated and 111In labeled 20-mer antisense multi-

amino-linked oligonucleotide–avidin conjugate (111In-oligo–Av) and the complexes of the

oligonucleotide with PAMAM G4 (111In-oligo/G4), biotinylated PAMAM G4–avidin

(111In-oligo/G4–Av) were found to significantly enhance the tumor delivery of 111In-oligo

compared with delivery without carrier after i.p. injection.
25.3.3 POLYPROPYLENIMINE DENDRIMERS

Polypropylenimine (PPI) dendrimer is also a commercially available cationic dendrimer, but

much less interest has been taken in its application to gene delivery systems compared to

PAMAM dendrimer. Since Buhleier et al. synthesized low molecular weight PPI dendrimer in

1978,1 synthesis of the dendrimer has been improved through the Michael addition of amines to

acrylonitrile, followed by the reduction of the nitriles to primary amines.82 Diaminobutane (DAB)

and diaminoethane cores are most commonly used for PPI dendrimer synthesis.

The potential of PPI dendrimers as gene delivery carriers was first compared with other cationic

polymers including branched PEI (25 kDa), linear PEI (22 kDa), and PAMAM dendrimer and

others in Cos-7 cell line.83 Although PPI dendrimer G5 (Astramole-64) showed very low transfec-

tion efficiency, MTT assay demonstrated that its cytotoxicity was relatively low compared with

other polymers in treating polyplexes or free polycations. However, PPI dendrimers (generations 1–

5) with DAB core were re-evaluated as efficient gene delivery systems by Uchegbu and cowor-

kers.84 They reported that DNA binding increased with dendrimer generation through molecular

modeling, and experimental data and cytotoxicity followed the trend DAB 64 (terminal amine

number)ODAB 32ODAB 16ODOTAPODAB 4ODAB 8, whereas transfection efficacy

followed the trend DAB 8ZDOTAPZDAB 16ODAB 4ODAB 32ZDAB 64. They concluded

that the generation 2 polypropylenimine dendrimer (DAB 8) with a low level of cytoxicity gave

optimum gene transfer activity.

PPI dendrimers were also chemically modified for improved physiological properties. Park

and coworkers investigated ternary complex of PPI dendrimer linked with DABs to its periphery

(PPI–DAB), DNA, and cucurbituril (CB) for a non-covalent strategy in developing a gene

delivery carrier.85 CB is a large-cage compound composed of glycoluril units interconnected

with methylene bridges, and it is able to form stable pseudorotaxanes with strings derived

from DAB moeities of PPI–DAB through multiple non-covalent interactions.86,87 The DNA

binding capacities of PPI, PPI–DAB, and PPI–DAB/CB decreased with increasing generation

and increased in the order, PPIOPPI–DABRPPI–DAB/CB. Fluorescence experiment using

DAB-tethered acridine indicated that there was no change in the CB beads threaded on

PPI–DAB after the addition of DNA to the PPI–DAB/CB binary complex. Importantly,

in vitro transfection results showed that CB had no negative influence on the transfection effi-

ciency of polymer/DNA binary complex, and the ternary complex was a highly active form of

gene delivery vector, suggesting that this promising system can be applied to other non-covalent

molecular recognitions, and it would be possible to create a really functional gene delivery carrier

if the functionalized-CB were synthesized. Recently, another approach to developing gene

delivery carriers with PPI dendrimers involved methyl quaternary ammonium derivatives of

PPI dendrimers with varying generation.88 Quaternization of DAB-cored PPI dendrimer (DAB

8) with eight surface amines (Q 8) proved to be critical in enhancing DNA binding and resulted in

improved colloidal stability and vector tolerability on i.v. injection of the polyplex.

Quaternization was also found to improve in vitro cell biocompatiblity of DAB 16 and DAB 32

polyplexes. Interestingly, the intravenous administration of DAB 16 and Q8 polyplexes resulted in

liver-targeted gene expression as opposed to the lung-targeted gene expression obtained with the
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control polymer, Exgen 500. This intrinsic targeting ability without the need for targeting ligands

may be exploited for the targeted delivery of genes in the treatment of liver diseases. Also, Dufes

et al. synthesized a vector system based on PPI dendrimer and investigated its transfection in tumors

after i.v. injection.89 The systemic tumor necrosis factor alpha (TNFalpha) gene delivery by the

dendrimer was found to be efficient and non-toxic in the treatment of various established carci-

nomas. Interestingly, these dendrimers and other common polymeric transfection agents also

exhibited plasmid-independent anti-tumor activity, ranging from pronounced growth retardation

to complete tumor regression, indicating that the combination of the pharmacological active

dendrimer and gene would be more potent.
25.3.4 OTHER DENDRIMERS

Dendritic poly(L-lysine)s (DPKs) of several generations were synthesized and investigated as gene

transfection reagents.90 The DPKs of the fifth and sixth generation showed efficient and serum-

tolerant gene transfection ability into several cell lines without significant cytotoxity. Several

uptake inhibitor experiments suggested that the uptake of the DNA complex of DPK is mediated

by the endocytosis pathway, especially the macropinocytotic process. In addition, terminal amino

acids of DPK G6 were replaced by arginines and histidines to investigate the effect of substituting

terminal cationic groups on the gene delivery.91 Arginine-conjugated polylysine dendrimer

(KGR6) showed higher transfection efficiency than unmodified KG6. In contrast, histidine-conju-

gated polylysine dendrimer (KGH6) showed high transfection efficiency only after polyplex

formation under acidic conditions because of imdazole groups with a low pKa value of histidine

residues. pH-dependent complex formation and transfection of KGH6 showed the potential for a

functional gene delivery system.

Choi et al. synthesized PEG–dendrimer conjugates PEG–poly(L-lysine) dendrimers and poly

(L-lysine) dendrimer–PEG–poly(L-lysine) dendrimers (PLLD–PEG–PLLD) and characterized

their self-assembly with plasmid DNA.92,93 PEG was used as a core and poly(L-lysine) dendrimers

were extended via a divergent peptide synthesis method. The dendrimers could form nanosized

and water-soluble complexes with plasmid DNA in a generation-dependent manner and showed

low cytotoxicity, but their transfection was not investigated. Thereafter, Kim et al. prepared

triblock copolymers and PAMAM–PEG–PAMAM dendrimers for gene delivery (Figure 25.7).94

The copolymers showed the generation-dependent formation of nanosized complexes with

plasmid DNA as PLLD–PEG–PLLD and high water-solubility because of their PEG cores. The

G5 copolymer was found to possess low cytotoxicity and a much enhanced transfection ability in

comparison to PLLD–PEG–PLLD in HepG2 cells and 293 cells.

Joester et al. developed amphiphilic dendrimers with rigid tolane cores for gene delivery

(Figure 25.8).95 The dendrimers showed hydrophobicity, nominal charge-dependent DNA

binding affinity, low cytotocity, and very high transfection efficiency superior to commercial

transfection agents. However, the significant reduction of transfection efficiency with serum is

thought to need research into the interaction of the dendrimer with anionic serum proteins.

A series of water-soluble dendrimers with a phosphoramidothioate backbone (P-dendrimers)

were prepared for gene delivery.96 The polymers showed rather moderate cytotoxicity toward

HeLa, HEK 293, and HUVEC cells, and they efficiently delivered oligodeoxyribonucleotide into

HeLa cells in serum-containing medium.

Hussain et al. developed another gene delivery system based on anionic dendrimer by directly

conjugating ODNs to pentaerythritol-based phosphoroamidite dendrimer.97 The cellular uptake

of the ODN–dendrimer conjugates was up to 4-fold greater than for naked ODN in cancer cells.

The ODN–dendrimer conjugates were found to effectively inhibit cancer cell growth, showing a

marked knockdown in EGFR protein expression.

Recently, Nishiyama et al. reported the application of photochemical internalization (PCI)-

mediated gene delivery in vivo using dendrimeric photosentisizer.98 PCI is that the cytoplasmic
q 2006 by Taylor & Francis Group, LLC



NH2
NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2
NH2

NH2

NH2 NH

H2N H2N
H2N

H2N

H2N

H2N

H2N

H2N

H2N

H2N

H2N

H2N H2N

HN

HN

N

N
N

NH NH
NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

NH

N

N

N

N

N

N
N

N
N

HN

HN

HN

HN

H

HN

HN

HN

HN

H

H

N
N

N

H
N

NH

N
H
HN

HN

HN

HN

HN

N

N

N

HN HN

HN

HN

HN

HN

HN

HN

O O O

O

O

O

O

O
O

O

O

O

O

O

OO

O
O

O

O

O

O

O

O

O

O

O

O

O
O

O
O

O

O

O

O

O

O

O

O

O O O O O O

OO
O

O

O
O

O
O

O
O O

NH2

NH

H2N

HN

N
O O

O

O

O

O

O

O
O

N
N

N

N

N

N

N

N

N

N

N

N

N

N

N
H

N
H

N
H

N
H

N
H

N
H

FIGURE 25.7 Molecular structure of PAMAM–PEG–PAMAM G4.

Dendrimers as Drug and Gene Delivery Systems 503
delivery of macromolecular compounds is enhanced by the photochemical disruption of the endo-

somal membrane in using light and a hydrophilic photosensitizer.99 They prepared ternary

complexes having cores of pDNA/cationic peptide polyplexes enveloped with anionic dendrimer

phthalocyanine (DPc). The complexes showed greatly enhanced transfection efficiency and low
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photocytotoxicity in HeLa cells after photoirradiation, and they achieved significant gene

expression in conjunctival tissue of rat eyes in contrast to ExGen500 that is one of the most

efficient vectors.
25.4 CONCLUSION

In the past decade, various dendrimers have been developed and investigated for drug and gene

delivery systems because of their unique structural properties such as multivalent and controllable

functionalities on the periphery and highly branched and globular architectures as shown in this

review. It is apparent that the application of dendrimers to drug and gene delivery systems has

achieved considerably successful results, and much of the work reported in medical and pharma-

ceutical journals has demonstrated the growing interest in dendrimers.

Although it is not presented in this chapter, the application of dendrimers has been extended in

other medical fields such as diagnostics, antiviral, or antibacterial therapy. PAMAM dendrimer-

based GdIII chelates were synthesized for use as a MRI contrast agent.100,101 MRI is a powerful

technique in medical diagnostics and used to visualize organs and blood vessels. The dendrimer

chelates showed excellent MRI images and long blood circulation times in in vivo experiments.

Also, chemically modified polylysine dendrimers and other dendrimers were synthesized for useful

antiviral or antibacterial drugs.102–105 In addition, numerous dendrimeric glycans or glycosylated

dendrimers were shown to efficiently interact with natural carbohydrates receptors and were

focused in their potential as microbial anti-adhesins, microbial toxin antagonists, and anti-cancer

drugs.106,107

However, research about stable and safe biodistribution and efficient tissue localization as well

as the biological function and fate of dendrimers is not well-established. Therefore, it is thought to

be very important to explore the physiological safety and pharmacokinetics of developed dendri-

mers over a vaster range. It is also expected that a more convenient methodology to synthesizing

novel dendrimers giving high water-solubility, good biocompatibility, and perfect structure will be

designed for efficient application of dendrimers to biological systems.
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26.1 INTRODUCTION

Nanomaterials have emerged from academic curiosity and are being applied in many diverse areas

such as information technology and biotechnology.1–4 Synthetic nanomaterials based on macro-

molecules are relevant in biomedical applications because their size scale is comparable with that of

biomacromolecules.5 Dendrimers provide a prominent example of such synthetic macromolecules

that have attracted great attention in recent years because of their potential in drug delivery among

other promising applications.6–12 Dendrimers are highly branched polymers of a few nanometer

dimensions that possess a globular shape at high molecular weights.13,14 These are synthesized by

repetitive organic transformations and, as a result, are almost monodisperse. An interesting struc-

tural feature of dendrimers is the spatially isolated core in the dendritic interior that is reminiscent

of site-isolation in biomolecules such as proteins. The branches emanating from this core provide

cavities in the interior that can be exploited for guest encapsulation. Every layer of branches that is

added to the core during the synthesis is termed as a generation. The highly branched nature of

dendrimers leads to large number of peripheral groups. These surface functionalities can be

modified by attachment of drugs or targeting ligands to meet specific applications that often

involve controlled interaction with cell walls and other biological targets. A representative structure

is shown in Figure 26.1 that illustrates the typical features—core, intermediate layers, and periph-

eral groups—of a dendrimer. The dendritic structure in terms of type of repeat units, size of interior

cavities, and type of peripheral groups can be tuned by using either convergent or divergent

synthetic strategy.15,16 It is then obvious that such versatile molecules are being intensely

pursued in cancer therapeutics.17,18

A major problem with anti-cancer agents is that they indiscriminately attack healthy cells as

well as cancerous cells. These harmful side effects can be reduced by developing a drug delivery

vehicle that is specific to tumor cells. This can be achieved by employing a strategy called active
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targeting wherein functionalities that respond to over-expressed receptors on tumor cells are

attached to the drug carrier. Dendrimers provide an opportunity in this direction in the form of a

large number of tunable peripheral groups where a variety of functionalities can be incorporated

(Figure 26.2). Another strategy is the passive targeting that relies on the well-known enhanced

permeation and retention (EPR) effect. This effect, first described by Maeda et al., 19 takes advan-

tage of poorly formed (leaky) vasculature of solid tumors that allows accumulation of polymer–drug
= Drug molecule

= Targetingmoiety

= Functionality for imaging

FIGURE 26.2 A dendrimer with multiple functionalities attached to it is illustrated by a cartoon.
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conjugates ranging in size between 10 and 500 nm within tumors than of free drugs. The

polymeric molecules are retained following the accumulation due to their larger size whereas

free drug molecules are easily eliminated from the cells. Dendrimers have an advantage for this

strategy as well because drugs can be physically encapsulated into the interior of nanometer-sized

dendrimers, thereby increasing the uptake of drugs into tumors. Before describing the various ways

in which dendritic structure has been utilized for drug delivery in cancer therapy, it is useful to

discuss the techniques that are employed for this purpose.

Photodynamic therapy (PDT), also known as photoradiation therapy or photochemotherapy,

involves the use of a light-activated drug called photosensitizer that can be administered orally or

intraperitoneally, or it can be applied to the skin.20,21 When light of a specific wavelength that is

absorbed by the dye is shined on the targeted tissue, the photosensitizer is excited from ground

singlet state to excited singlet state. It then undergoes intersystem crossing to a longer-lived excited

triplet state that reacts with the ground triplet state of molecular oxygen present in the tissues. This

energy transfer creates highly-reactive excited singlet-state oxygen species. The singlet oxygen

reacts destructively with nearby biomolecules and induces cell death either by apoptosis or

necrosis. PDT, however, has limitations because it is applicable only in areas where light can reach.

Neutron capture therapy (NCT) is another promising technique for treatment of cancer.22 It is

based on the nuclear reaction that occurs when a stable isotope, for example, boron 10B, is irradiated

with low energy or thermal neutrons to produce high-energy alpha particles (4He nuclei) and 7Li

ions. The combined path length of these two particles is about 12 mm that is close to the diameter of

a cell. Therefore, if the tumor cells can be supplied with a high concentration of 10B atoms, the

effect of the radiation will be limited to tumor cells, and the normal cells may be spared. This is

particularly important in cancer therapy where prevention of indiscriminate destruction of healthy

cells is a challenge. 157Gd is another isotope of interest because of its large neutron capture cross

section. Success of the above two therapies depends on localizing sufficient concentration of the

photosensitizer or radioactive material in the tumor cells while having negligible accumulation in

the healthy cells.

Magnetic resonance imaging (MRI) is one of the most widely used imaging techniques that has

greatly improved medical diagnosis.23 It is based on the relaxation properties of hydrogen nuclei in

water in body tissues when placed in a uniform magnetic field. In clinical practice, for detection of

cancer in particular, it uses the fact that the relaxation times of protons in cancerous and normal

tissues markedly differ. One of the advantages of MRI over other imaging techniques is that it is a

non-radiative technique and harmless to the patient.

This chapter will focus on the structural aspects of dendritic molecules that have been used to

design efficient and multifunctional drug delivery vehicles in cancer therapy with the help of

selected illustrative examples. There are only few cases where these macromolecules have been

studied in vivo, i.e., in animal models, and the biological studies will be discussed only cursorily.
26.2 DENDRIMER–DRUG CONJUGATES

The term dendrimer–drug conjugate is mainly applied when a drug molecule is covalently linked to

a dendrimer. The drug can be covalently attached to a dendrimer on the periphery or at the core and

quite rarely at the branching points, i.e., in the interior layers. Attachment of a drug to multiple

peripheral groups in a dendrimer greatly increases the effective concentration of a drug once it is

released at the targeted site. This is particularly advantageous for the use of prodrugs. In the case of

PDT, however, it is desirable to isolate the drug molecule to prevent fluorescence quenching

because of aggregation, and this can be achieved by attaching the photosensitizer to the core of

a dendrimer. A dendrimer–drug conjugate can provide certain advantages over conventional poly-

meric drug delivery vehicles because dendrimers are monodisperse, structurally defined

macromolecules with a controlled molecular weight and size.
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When a drug is attached to peripheral groups of a dendrimer, the linker between drug and

dendrimer is of crucial importance because the drugs need to be efficiently released in active form at

the targeted site. Advantage is taken of the acidic or reducing environment near the tumor cells by

attaching the drugs to dendritic periphery via acid-labile or disulphide (susceptible to reduction)

linker (see Section 26.4 for examples). In this case, each drug is separately cleaved over a long

period of time. An elegant design was reported in this direction wherein a single triggering event at

the core results in disassembly of the dendrimer and release of all the paclitaxel molecules attached

to the periphery.24 The drug release in these dendrimers incorporating a masked 4-aminocinnamyl

alcohol linker is activated by reduction of nitro to amino group under mild reducing conditions

(Figure 26.3).

Poly(amidoamine) (PAMAM) dendrimers have been widely used for preparation of

dendrimer–drug conjugates because of easily modifiable terminal amine groups, commercial avail-

ability of higher generation dendrimers, and biocompatibility.25–27 For example,

methylprednisolone (MP) was attached to PAMAM periphery through a glutaric acid linker.28

Because the MP–glutaric acid compound was attached to a preformed dendrimer, only 12 drug

molecules (32 wt%) could be conjugated to a dendrimer that has 32 terminal moieties as a result of

steric hindrance. However, considering that MP is a bulky steroidal drug, this was a significant

increase over earlier payloads.

Monoclonal antibodies (mAb) are useful for targeted delivery because these can specifically

bind to certain receptors over-expressed on tumor cells. Antibody–PAMAM conjugates have been

prepared by attaching J591 anti-PSMA antibody to a fluorescein-labeled dendrimer for targeted

delivery in prostate cancer therapy. It was based on the fact that prostate-specific membrane antigen

(PSMA) is over-expressed on tumor cells than on normal tissue.29 Attachment of multiple func-

tionalities for targeting (folic acid) and imaging (fluorescein) along with an anti-cancer drug

(methotrexate) to a dendrimer periphery has also been demonstrated with PAMAM dendrimers30

and is elaborated below with examples on MRI and NCT. Similarly, different PAMAM dendrimers

attached with fluorescein and folic acid were covalently attached to oligonucleotides and assembled

via hybridization to afford multifunctional dendrimer clusters as illustrated by a cartoon in

Figure 26.4.31 On a different note, carbohydrate moieties have been attached to PAMAM dendri-

mers to study multivalent protein–carbohydrate interactions. This is particularly relevant to cancer

metastasis that involves these interactions in cellular recognition processes.32–34
q 2006 by Taylor & Francis Group, LLC
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PAMAM dendrimers have also been used for preparation of MRI contrast agents.35 Gd(III)

complexes were attached to G6-PAMAM dendrimers along with avidin to afford a targeted delivery

vehicle for NCT.36 157Gd provides two advantages. First, it has a large neutron capture cross section

that can be exploited in NCT, and second, Gd(III) complexes can be used as MRI contrast agents. In

fact, dendrimers bearing Gd(III) complexes on their periphery have undergone clinical trials as

MRI contrast agents.37,38 Therefore, the Gd-dendrimer conjugate described above serves a dual

purpose, therapeutic as well as imaging. The Gd-dendrimer complex was also used as a contrast

agent for dynamic MRI to evaluate the perfusion of an antibody viz. herceptin into tumor tissue

because it has similar size (w10 nm).39 Similarly, folic acid-conjugated40 and epidermal growth

factor (EGF)-conjugated41 boronated PAMAM dendrimers have been prepared as targeting agents

in boron NCT. Slow clearance of macromolecular MRI agents is an issue that limits their scope,

particularly in the investigation of tumor angiogenesis. To address this problem, the avidin chase

system was employed where biotinylated dendrimeric Gd-complexes were rapidly cleared

(w2 min) from blood pool to the liver on injection of avidin.42 Dendrimeric Gd(III) chelates

with high relaxivity and fast water exchange have been developed to improve upon the currently

available gadolinium complexes that have slow water exchange rates.43 In rare examples of interior

functionalized dendrimers, boron clusters have been incorporated in the intermediate layers of

water-soluble dendrimers for application in NCT.44,45

Porphyrins and phthalocyanines are two important macrocycles for use as photosensitizers in

PDT because of large p-conjugation domains and high singlet oxygen quantum yields.21 However,

large p-conjugation and hydrophobicity in these molecules also lead to a tendency to aggregate that

reduces their solubility in water and precludes use in biological systems. The aggregation also

causes self-quenching and decreases the efficiency of singlet oxygen formation. Incorporation of a

porphyrin or phthalocyanine chromophore at the core of a benzyl ether dendrimer has been shown

to provide the site isolation and to necessarily prevent the aggregation and self-quenching. Hydro-

philic groups such as oligoethylene glycol were attached to the periphery of these dendrimers,
q 2006 by Taylor & Francis Group, LLC
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making them useful in biological applications.46 Oligoethylene glycols are important in biological

applications because they provide solubility in water, reduce hepatic uptake, and enhance biodis-

tribution. It is to be noted that benzyl ether dendrimers are another class of dendrimers, apart from

PAMAM dendrimers, that can be readily synthesized and have been widely studied for many

applications. Attachment of various functionalities and drugs on periphery and in the interior

can also be carried out with benzyl ether dendrimers using recently developed synthetic

strategies.47–50

One of the current goals in PDT is to design porphyrin sensitizers that can absorb in the near

infra-red (NIR) region. This is highly desirable because skin is more transparent to light of this

wavelength. However, porphyrins have low two-photon absorption (TPA) cross-sections that limits

their use in singlet oxygen generation. Direct chemical modification of the macrocycles has been

attempted to enhance the TPA cross-section and water solubility.21 An alternate strategy using

dendrimers was recently developed where donor chromophores with a high TPA cross-section were

covalently attached to the periphery of a benzyl ether dendrimer, containing a porphyrin moiety at

the core.51 It was observed that emission from porphyrin moiety in the dendritic derivative was 17

times higher than from a porphyrin without the dendritic donor substituents. These dendrimers were

then decorated with water-soluble triethyleneglycol moieties to further expand the scope of their

application.52 In another study, benzyl ether dendrimers with porphyrin unit at the core were made

water-soluble by attachment of quaternary ammonium or carboxylic groups (Figure 26.5), and their

efficiency as photosensitizers was evaluated.53 To further enhance water-solubility and cellular

uptake of the dendrimer porphyrins with charged periphery, poly-ion complex (PIC) micelles

composed of polyethylene glycol–poly(L-lysine) block copolymers were developed that could

entrap the negatively charged dendrimers through electrostatic association (Figure 26.6).54 These

polymeric micelle-based nanocarriers showed enhanced cellular uptake, higher photocytotoxicity,

and similar singlet oxygen generation compared to free dendrimer porphyrins. The higher cellular

uptake was due to shielding of negatively charged dendrimer periphery inside a charge-neutral

micelle. The PIC micelles carrying anionic dendrimers were further tested in vivo for treatment of

age-related macular degeneration (AMD) caused by choroidal neovascularization (CNV).55 Experi-

mental CNV lesions were created in rats by laser photocoagulation, and PIC micelles were injected

after seven days. The dendrimer-loaded micelles were found to accumulate preferentially in CNV

lesions and were retained even after 24 h, whereas free dendrimers were cleared within 24 h. When

cationic dendrimer porphyrins were encapsulated in the polyethylene glycol–poly(aspartic acid)

block copolymers, the cellular uptake was lower, and the photodynamic efficacy was higher

compared to free dendrimers.56 In all these PIC micelles, the dark systemic toxicity (cytotoxicity

of dendrimers under dark conditions) was found to be reduced probably as a result of a biocompa-

tible poly(ethylene glycol) (PEG) shell.

In a different approach to PDT, 5-aminolevulinic acid (ALA), a natural precursor of proto-

porphyrin IX, was attached to the periphery of first and second generation dendrimers via ester

linkages to obtain dendrimer–ALA prodrugs (Figure 26.7).57 ALA can be intracellularly released

by non-specific esterases leading to higher intracellular ALA levels and higher protoporphyrin IX

concentration. Also, the dendrimer–ALA conjugate is more lipophilic than only ALA and can

easily cross the cell membranes as was evident by higher uptake of the second-generation

dendrimer studied using tumorigenic cell line PAM 212 in vitro. These dendrimers also showed

negligible dark systemic toxicity.
26.3 ENCAPSULATION OF THE DRUG IN A DENDRIMER

Most of the anti-cancer drugs are hydrophobic, and their entrapment in a hydrophilic dendrimer is a

useful strategy to enhance their solubility for drug delivery. This kind of drug carriers composed of

dendrimeric micelles have been a subject of a recent review12 and is discussed here only briefly.
q 2006 by Taylor & Francis Group, LLC
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Physical encapsulation prevents the drug from being prematurely degraded. The periphery of the

dendrimer is rendered hydrophilic, either by attachment of oligoethylene glycol chains or charged

functional groups such as carboxylates, and the hydrophobic interior is suitable for sequestration of

hydrophobic molecules.58–61 The drug loading capacity in a dendrimer by encapsulation depends

upon its generation and size; however, higher payloads can be obtained only by attaching the drug

molecules to the peripheral groups. Several examples of modified PAMAM dendrimers used for

physical encapsulation of drugs have been reported.62,63

Melamine-based dendrimers modified on the surface with cationic, anionic, and oligoethylene

glycol groups have been used to encapsulate methotrexate and 6-mercaptopurine, and their hepa-

totoxicity has been studied in vivo.64,65 A synthetic strategy has been developed for these

dendrimers as well to incorporate multiple functionalities on the periphery. A hydrophobic anti-

cancer drug, 10-hydroxycamptothecin, was encapsulated in hydrophilic poly(glycerol succinic

acid) (PGLSA) dendrimers.66 Cytotoxicity assays of these drug-loaded dendrimers on human

breast cancer cells showed that the drug retained its activity upon encapsulation.
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26.4 POLYMERIC DRUG CARRIERS BASED ON DENDRIMERS

Dendrimers have been explored as building blocks in the construction of macromolecular scaffolds

for drug delivery to circumvent the following problems: rapid release of drugs physically encap-

sulated in a dendrimer, and shorter circulation time of dendrimers themselves. The dendrimer

component in linear–dendritic hybrid polymers provides the large number of functionalities

required for high payload, whereas the linear component affords high molecular weight unattain-

able in dendrimers. Such a combination of desirable properties in these hybrid polymers is expected

to provide higher plasma half-life (circulation time) and enhanced cellular uptake because of EPR

effect and high potency. With this premise, dendritic aliphatic polyesters to which doxorubicin

(DOX) was attached via an acid-labile hydrazone linker were connected to a three-arm polyethy-

lene glycol star polymer to obtain high molecular weight hybrid polymers (Figure 26.8).67 This

polymer–drug conjugate showed less cytotoxicity (human breast cancer cell lines MDA-MD-231

and MDA-MD-435 using sulforhodamine B assay) than the free drug and longer circulation time

(tested using 125I radiolabeling) than only dendrimers. These dendritic aliphatic polyesters were

also used to prepare linear–dendritic bow-tie hybrids by attaching PEG chains to dendrimer periph-

ery (illustrated by a schematic in Figure 26.9) and evaluated for biodistribution.68 Bow-tie polymers

with molecular weights up to 1,60,000 g/mol were synthesized, and those with higher molecular

weight (O40,000 g/mol) and more number of linear arms were studied. When tested on mice

bearing subcutaneous B16F10 tumors, these polymers were found to accumulate mainly in
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tumors with little concentration in the liver, kidney, and lungs. Star-like polymers containing DOX

have also been synthesized with PAMAM dendrimer as the core. For example, starlike poly-N-

(2-hydroxypropyl) methacrylamide (HPMA) was synthesized by attachment of the copolymers to

PAMAM dendrimers of generation 2, 3, and 4.69 DOX was attached to the methacrylamide back-

bone via a peptide linker (GlyPheLeuGly) because this linker has been shown to get cleaved by an

enzyme Cathepsin B that is over-expressed in malignant cells.70 The effect of molecular architec-

ture on release of DOX in vitro was clearly evident by the slower release of DOX from the star-like

polymer compared to that from the linear polymer.
26.5 SUMMARY

Dendrimers have clearly emerged as important tools in drug delivery systems. Although tedious

synthesis of dendrimers hampers their widespread use in biological applications, studies on

commercially available dendrimers have clearly demonstrated their potential in drug delivery.

Toward realizing their full potential, however, a combination of useful structural features of

dendrimers with those of well-established biocompatible linear polymers is necessary. This will

provide the key to address important issues involving nanoscale medical devices in cancer therapy.
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27.1 INTRODUCTION

Cancer is a leading cause of death. Irrespective of etiology, cancer is basically a disease of cells

characterized by loss of normal cellular growth, maturation, and multiplication that lead to disturb-

ance of homeostasis. The main features of cancer are (Barar 2000) excessive cell growth,
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invasiveness, undifferentiated cells or tissues, the ability to metastasize or spread to newer sites and

establish new growths, a type of acquired heredity where the progeny of cancer cells also retain

cancerous properties, and a shift of cellular metabolism, leading to increased production of macro-

molecules from nucleosides and amino acids that causes an increased metabolism of carbohydrates

for cellular energy, ultimately resulting in the host’s illness. This illness is attributed to pressure

effects as a result of local tumor growth, destruction of the organs involved by the primary growth

or its metastases, and systemic effects as a result of the new growths.

A single cancerous cell surrounded by healthy tissue will replicate at a rate higher than the other

cells, placing a strain on the nutrient supply and elimination of metabolic waste products. Tumor cells

will displace healthy cells until the tumor reaches a diffusion-limited maximal size. Although tumor

cells will typically not initiate apoptosis in a low nutrient environment, they do require the normal

building blocks of cell function like oxygen, glucose, and amino acids. The vasculature that was

designed to supply the now-extinct healthy tissue could not place as high a demand for nutrients

because of its slower growth rate. Tumor cells will continue dividing because they do so without

regard to nutrient supply, but many tumor cells will perish because the amount of nutrients is

insufficient. The tumor cells at the outer edge of a mass have the best access to nutrients, and cells

on the inside die creating a necrotic core within tumors that rely on diffusion to deliver nutrients and

eliminate waste products. In essence, a steady state tumor size forms as the rate of proliferation is

equal to the rate of cell death until a better connection with the circulatory system is created. This

diffusion-limited maximal size of most tumors is around 2 mm3 (Grossfeld, Carrol, and Lindeman

2002). To grow beyond this size, the tumor must recruit the formation of blood vessels to provide the

necessary nutrients to fuel its continued expansion. It is thought that there could be numerous tumors

at this diffusion-limited maximal size throughout the body. Until the tumor can gain that access to the

circulation, it will remain at this size, and the process can take years.
27.2 PROBLEMS IN CANCER CHEMOTHERAPY

In the past, chemotherapy was considered as a last resort after more successful treatments like

surgery and radiotherapy had failed. The main problem of cancer chemotherapy is the lack of

highly selective drugs, and the rapidly dividing normal cells of the bone marrow, gut, lymphoid

tissue, spermatogenic cells, fetus, and hair follicles are also killed. Most of the antineoplastic drugs

act on the processes such as DNA synthesis, transcription, or the mitotic phase, and they are labeled

as cell cycle phase-specific drugs (also known as phase-dependent drugs). The phase-specific drugs

do not act on G0 phase. In contrast, there are certain drugs that kill the cells during all or most

phases of the cycle, and they are labeled as cell cycle phase-nonspecific drugs (also known as

phase-independent drugs). The phase-specific drugs have proven to be effective in hematological

malignancies and tumors with high rate of proliferation or high growth fraction (Barar 2000).

The various obstacles for drug delivery to tumors include differences in cellular morphology,

tissue immunogenecity, uncontrolled rate of growth, capacity of metastasize, and poor response to

chemotherapeutic agents. Furthermore, there are variations in blood flow and vessel permeability

within different regions of some tissues (Reynolds 1996). Various drug delivery systems are

employed for delivery of chemotherapeutic agents to neoplastic cells. This helps in targeting

drugs directly into cells and preventing drug interaction with normal tissues and alleviating side

effects to normal cells. Because of a lack of highly selective drugs for tumor cells and tissues and

decreased penetration of drug into neoplastic cells, a number of novel drug delivery systems,

prodrugs, and other chemically modified forms of drugs having altered tissue distributions were

brought in use and recently reviewed for targeting to cells located in various parts of body (Brigger,

Dubernet, and Couvreur 2002).

There are various means to effectively fight the tumors such as achieving targeting by

avoiding reticuloendothelial system (RES); targeted delivery through enhanced permeability
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and retention (EPR) effects; tumor-specific targeting; targeting through angiogenesis; targeting

tumor vasculaturel; etc. (Brannon-Peppas and Blanchette 2004). Particles with longer circulation

times and greater ability to target to the site of interest should be 100 nm or less in diameter and

have a hydrophilic surface in order to reduce clearance by macrophages (Storm et al. 1995).

Coatings of hydrophilic polymers can create a cloud of chains at the particle surface that will

repel plasma proteins, and work in this area began by adsorbing surfactants to the

nanoparticles surface.

Other routes include forming the particles from branched or block copolymers with hydrophilic

and hydrophobic domains. One potential advantage in treatment of advance stage cancerous tissue

is the inherent leaky vasculature that allows for greater accumulation of colloidal systems. The

check the defective vascular architecture, created as a result of the rapid vascularization necessary

to serve fast-growing cancers, coupled with poor lymphatic drainage allows an enhanced per-

meation and retention effect (EPR effect) (Sledge and Miller 2003). The ability to target

treatment to very specific cancer cells also uses a cancer’s own structure in that many cancers

over express particular antigens, even on their surface. This makes them ideal targets for drug

delivery as long as the targets for a particular cancer cell type can be identified with confidence and

are not expressed in significant quantities anywhere else in the body. Tumor-activated prodrug

therapy uses the approach that a drug conjugated to a tumor-specific molecule will remain inactive

until it reaches the tumor (Chari 1998). These systems would ideally be dependent on interactions

with cells found specifically on the surface of cancerous cells and not the surface of healthy cells.

Most linkers are usually peptidase cleavable or acid labile but may not be stable enough in vivo to

give desirable clinical outcomes.

Limitations also exist because of the lower potency of some drugs after being linked to

targeting moieties when the targeting portion is not cleaved correctly or at all. For example,

adriamycin-conjugated poly(ethylene glycol) linker with enzymatically cleavable peptide

sequences (alanyl-valine, alanyl-proline, and glycyl-proline) or using monoclonal antibodies has

shown a greater selectivity to cleavage at tumor cells (Suzawa et al. 2002). A number of targeted

cancer treatments using antibodies for specific cancer types have been approved by the U.S. Food

and Drug Administration like rituximab, trastuzumab, gemtuzumabozogamicin, alemtuzumab,

ibritumomab tiuxetan, gefitinib, etc. (Abou-Jawde et al. 2003).
27.3 NANOPARTICLES IN CANCER CHEMOTHERAPY

Nanotechnology applied to cancer treatment may offer several promising advantages over conven-

tional drugs. Nanoscale devices are two orders of magnitude smaller than tumor cells, making it

possible for them to directly interact with intracellular organelles and proteins. Because of their

molecule-like size, nanoscale tools may be capable of early disease detection using minimal amounts

of tissue, even down to a single malignant cell (NCI 2005). These tools may not only prevent disease

by monitoring genetic damage, but also treat cells in vivo while minimizing interference with healthy

tissue. By combining different kinds of nanoscale tools on a single device, it may be possible to run

multiple diagnostic tests simultaneously (www.math.uci.edu/~cristini/publications/nanochap.pdf).

In particular, it is hoped that cancer drug therapy involving nanotechnology will be more effective in

targeting malignant cells and sparing healthy tissue. In this regard, the role of nanoparticles loaded

with chemotherapeutic drugs has been receiving much attention. Research and development in this

area is expected to dramatically increase in importance in the coming years. In general, nanoscale

drug delivery systems (Figure 27.1) for chemotherapy can be divided into two categories: polymer-

and lipid-based (Langer 2000; Sahoo and Labhasetwar, 2003).

Polymers are usually larger than lipid molecules, and they form a solid phase such as polymeric

nanoparticles, films, pellets, dendrimers; whereas, lipids form a liquid (or liquid crystalline phase)

such as liposomes, cubersomes, micelles, and other emulsions (Feng and Chien 2003). Whereas
q 2006 by Taylor & Francis Group, LLC
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polymer-based systems are considered biologically more stable than lipid-based systems, the latter

are generally more biocompatible. Polymer-based systems might possess good drug targeting

ability because their uptake may be different for cells in different tissues (Maruyama 2000). In

fact, Feng and Chien (2003) have suggested that a combination of polymer- and lipid-based systems

could integrate their advantages while avoiding their respective disadvantages. An example of such

a nanoparticle would be a liposomes-in-microspheres (LIM) system where drugs are first loaded

into liposomes and then encapsulated into polymeric microspheres. This way, both hydrophobic

and hydrophilic drugs can be delivered in one nanoparticle. The bioactivity of peptides and proteins

would be preserved in the liposomes whose stability is protected by the polymeric matrix (Feng and

Chien 2003).

Chemotherapy using nanoparticles has been studied in clinical trials for several years, and

numerous studies have been published in this regard (Kreuter 1994). Two liposomally

delivered drugs are currently on the market: daunorubicin and doxorubicin (Massing and

Fuxius 2000). These encapsulated drugs can be formulated to maximize their half-life in

the circulation. For example, a stealth version of liposomal doxorubicin coated with polyethy-

lene glycol to reduce its uptake by the RES can extend its half-life in blood for up to 50–60 h

(CCO Formulary 2003).
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27.3.1 CHALLENGES OF NANOTECHNOLOGY

The difficulties faced by nanotechnology in the service of clinical medicine are numerous. These

difficulties should be kept in mind while considering chemotherapeutic treatment involving nano-

technology and the potential role of biocomputation. First, there are basic physical issues that

matter on a small scale. Because matter behaves differently on the nanolevel than it does at

micro- and macro levels, most of the science at the nanoscale has been devoted to basic research,

designed to expand understanding of how matter behaves on this length scale (www.math.uci.edu/~

cristini/publications/nanochap.pdf). Because nanomaterials have large surface areas relative to

their volumes, phenomena such as friction are more critical than they are in larger systems. The

small size of nanoparticles may result in significant delay or speed-up in their intended actions.

They may accumulate at unintended sites in the body. They may provoke unexpected immune

system reactions. Cells may adapt to the nanoparticles, modifying the body’s behavior in unfore-

seen ways (www.math.uci.edu/~cristini/publications/nanochap.pdf).

The efficacy of nanoparticles may be adversely affected by their interaction with the cellular

environment. For instance, the RES may clear nanoscale devices, even stealth versions, too rapidly

for them to be effective because of the tendency of the RES to phagocytose nanoparticles (Kreuter

1994). Nanoparticles can be taken up by dendritic cells (Elamanchili et al. 2004) and by macro-

phages (Cui, Hsu, and Mumper 2003). RES accumulation of nanoparticles could potentially lead to

a compromise of the immune system. On the other hand, larger nanoparticles may accumulate in

larger organs, leading to toxicity. Perhaps the biggest issue of all is that the physically compromised

tumor vasculature may prevent most of the nanodevices from reaching the target cells by vascular

transport or diffusion. Alterations in the tumor vasculature may adversely affect the convection of

the nanodevices in the blood stream (Brigger, Dubernet, and Couvreur 2002). Local cell density and

other stromal features may hamper drug or nanodevice diffusion through tumoral tissue.
27.4 POLY(ETHYLENE GLYCOL) CONJUGATION

Poly(ethylene glycol) is a non-toxic water-soluble polymer that resists recognition by the immune

system. The term PEG is used for poly(ethylene glycol) that is often referred for polymer chains

with molecular weight (MWs) below 20,000 Da, and poly(ethylene oxide) (PEO) refers to higher

MW polymers (Harris et al. 1984; Peppas et al. 1999). These are homogeneous polymers of Mw/

Mn!1.1 represented by the formula HO(CH2CH2O)nH and is called as poly(oxy-1, 2-ethanediyl),

or a-hydro-u-hydroxy-poly(ethylene glycol). It is an additional polymer of ethylene oxide and

water, where n represents the average number of oxy-ethylene groups. These are generally soluble

in water, alcohol, acetone, and chloroform, but miscible with glycols and practically insoluble in

ether. These are also known as Macrogols (Reynolds 1996) that are generally of higher molecular

weights such as Macrogols of 20,000 Da. The pH of 5% solution is about 4–7.5.

The aqueous solutions of PEGs can be sterilized by filtration, autoclaving, etc. and are needed

to be stored in airtight containers. The PEGs are relatively less toxic, but toxicity, if any appears to

be greatest with macrogols of lower molecular weights. On topical administration, it may cause

stinging, especially to mucous membrane. Such administration of PEGs may be associated with

hypersensitivity reactions such as urticaria, and local gastrointestinal discomfort, bloating and

nausea, abdominal cramps, vomiting and irritation, may result on its use in bowel cleansing

preparation. Macrogols demonstrate oxidizing ability, leading to incompatibility with activity of

bacitracin or benzyl-penicillin that may get reduced in macrogol bases. Estimated acceptable daily

intake may be upto 10-mg/kg body weight (Reynolds 1996). Its presence in aqueous solution has no

deleterious effect on protein conformation or activity of enzymes. It exhibits rapid clearance from

the body, and it has been approved for a wide range of biomedical applications. PEG may transfer

its properties to other molecules when it is covalently bound to that molecule. This can result in

modification of number of properties of molecules as illustrated later on (Zalipsky 1995).
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PEG has polyether backbone that is inert in biological environment as well as in most chemical

reaction conditions as in chemical modifications and/or conjugation reactions. The chemical deri-

vatisation of end groups of PEG is an essential first step in preparation of bioconjugates. The

various properties are altered because of polyethylene glycol conjugation that is discussed in the

following sections. PEG conjugation was tried and found most applicable in case of many nano-

particulate systems, using activated PEGs with appropriate spacers.
27.4.1 DERIVATIZATION AND ACTIVATION OF POLY(ETHYLENE GLYCOL)

Poly(ethylene glycol) has two equivalent hydroxyl groups, so this could act as potential cross-

linking agent for any systems to which it is attached. These hydroxyl groups can be attached to

various bio-active species by covalent coupling using number of simple PEG analogues. Some

important stable analogues are bromo, amino, aminoethyl, carboxymethyl, succinimidosuccinate,

tosylate, mesylate, aldehyde, octadecylamine, monopalmitate, stearoyloxy derivative of PEG, or

monomethoxy-PEG (MPEG) (Buckmann and Morr 1981; Harris et al. 1984). These were prepared

for reactions with sensitive bio-active systems under mild conditions.

One very important derivative that has been used in number of derivatisation reactions that has

one hydroxyl group blocked is monomethyl-ether of polyethylene-glycol or monomethoxy-poly-

ethylene-glycol (MPEG), i.e., considered equivalent in terms of reaction for formation of PEG

derivatives. This was generally brought in use for conjugation to bioactive species. It is generally

used when multiple chains of polymers had to be linked to the intended substrates. Because of

structural simplicity and possession of only one-derivatizable end group, the use of MPEG mini-

mizes cross-linking possibilities and leads to improved homogeneity of conjugate. Therefore, it

usually is a starting material of choice for the covalent modification of proteins, biomaterials,

particulates, lipids, drugs, etc. (Zalipsky 1995).

MeOH CHðOCH2CH2ÞnOH/MeOðCH2CH2OÞnH

Commercially available MPEGs are often contaminated with significant amounts (equivalent to

25%) of dihydroxy-terminated polymers and may be purified by chromatography and ethyl ether

precipitation. The use of these polymers as starting materials of choice for covalent modification of

proteins, biomaterials, and particles is dependent for not forming cross-linked conjugates (Harris

et al. 1984).

In most cases, commercially available MPEGs of 2000–5000 MWs are used for preparation of

number of reagents. MPEG-linked and based electrophiles were synthesized and used for linking

with number of available attachment sites, e.g., amino acids and other nucleophilic groups. These

are called activated PEGs (Zalipsky 1995). The intermediate linkers are called spacers, linking to

bioactive groups, especially proteins and enzymes. These generally require mild conditions of

reactions and specific properties of reactants for binding.

In order of reaction and based on ease of introduction, these can roughly be arranged as follows:

arylating agents O acylating agents O alkylating agents (Zalipsky 1995). For example, tresylates,

succinimidyl succinate derivatives, succinimidyl ester of carboxymethyl PEG, oxy-carboxylamino

acid derivative of PEG, acetaldehyde, and hydrazide derivatives were mainly used for PEGylation

of proteins and enzymes.
27.4.2 PROPERTIES OF POLY(ETHYLENE GLYCOL) CONJUGATES

This group reviewed various properties affected by PEGylation of carriers (Bhadra et al. 2002).

PEGylation has pronounced effects on various parameters of drug delivery systems (Katre 1993;

Zalipsky 1995). As far as bio-distribution and pharmacokinetic, PEG conjugation increases blood

circulation half-life, by reducing the tissue distribution, RES, liver, spleen, and macrophage uptake
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of the carriers. (Veronese et al. 1989; Papahadjopoulus et al. 1991; Phillips et al. 1999). PEG

coatings alter solubility of the systems (Choi et al. 1998;Kim et al. 1999). It reduces the toxicity

by decreasing the release and contact of active constituent, decreasing immunogenicity, cell-

adherence, thrombogenicity, and protein adsorption. PEGylation can also lead to stabilization of

delivery systems. It can also improve utilization as drug a delivery system by increasing drug

loading per system, improving drug targeting as in case of liposomes by diffusion controlling

mechanisms, and promoting its use as a micellar delivery system. This process can sustain and

control drug delivery safely and appropriately by decreasing burst effects and by decreasing drug

leakage and increasing stability of system. It can improve transfection capability (Choi et al. 1998).

This can increase tumor uptake (Papahadjopoulus et al. 1991; Ishida et al. 1999) of drug and

delivery systems.

Manipulation of the upper layers (corona) of nanoparticles or dendrimers confers advan-

tageous properties to such particles, e.g., increased solubility and biocompatibility (McNeil

2005). Attaching hydrophilic polymers to the surface such as PEG greatly increases the hydration

(i.e., solubility) of the nanoparticles and can protect attached proteins from enzymatic degradation

when used for in vivo applications (Bhadra et al. 2002; Harris and Chess 2003). Nanoparticles

with hydrophilic polymers such as PEG attached to their surface can act as a platform for

lipophilic molecules, and they can overcome the solubility barrier. Insoluble compounds can

be attached, adsorbed, or otherwise encapsulated in the hydrated nanoparticles. The surface

addition of PEG and other hydrophilic polymers also increases the in vivo compatibility of

nanoparticles. When intravascularly injected, uncoated nanoparticles are rapidly cleared from

the bloodstream by the reticuloendothelial system (RES) (Brigger, Dubernet, and Couvreur

2002). Nanoparticles coated with hydrophilic polymers have prolonged half-lives, believed to

result from decreased opsonization and subsequent clearance by macrophages (Moghimi and

Szebeni 2003).

Cancer therapy has benefited from the use of liposomal doxorubicin, a formulation that again

increases the therapeutic index of the active agent through a combination of passive tumor targeting

and reduced toxicity (Gabizon and Martin 1997). In this case, coating the liposome with PEG

significantly decreases uptake by macrophages and allows the liposomes to concentrate in tumors

by escaping from the leaky vasculature surrounding solid tumors (Dvorak et al. 1988) through EPR

effect (Maeda 2001). The surface chemistry of the nanoshells can be modified with PEG to increase

biocompatibility and with sulfide-based linkers to allow the particles to be functionalized with

targeting ligands.
27.5 DENDRIMER AS DRUG DELIVERY SYSTEM: SELECTION,

APPLICABILITY, AND RATIONALITY

Dendrimers are a relatively new class of polymers with structures that depart rather dramatically

from traditional linear polymers that are built from so-called AB monomers (Newkome, Moore-

field, and Vogtle 1996). Because they are built from ABn, monomers (where n is usually 2 or 3),

dendrimers are highly branched and have three distinct structural features: a core, multiple periph-

eral (end-) groups, and branching units that link the two. The peripheral groups and branching units

are together called dendrons, or informally, wedges. Branching units used to date have contained

virtually every type of functional group, ranging from those comprising pure hydrocarbons or

aromatic groups to modified carbohydrates and nucleic acids. Dendrimers are iteratively syn-

thesized so that the number of intervening branching units between the core and one end-group

(i.e., the number of layers), called the generation number, is determined by the number of synthetic

cycles. In the commercially available poly(amidoamine) (PAMAM) dendrimers, ammonia rep-

resents the zeroth generation (Tomalia, Naylor, and Goddard 1990). As the generation number

increases from one to seven, the number of peripheral groups follows the geometric series 3, 6,
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12,.,192. These peripheral groups largely control the solubility of the compound so that even with

highly hydrophobic internal units, a dendrimer will dissolve in water if the end groups are suf-

ficiently hydrophilic. As will be discussed here, this feature and the high local concentration of end

groups enable a number of applications in bio-organic chemistry. Dendrimers represent a new class

of highly branched polymers whose interior cavities and multiple peripheral groups facilitate

potential applications in biomedicine and bio-organic chemistry (Kim and Zimmerman 1998).

Major advances in the past years were made in the synthesis and study of new carbohydrate,

nucleic acid, and peptide dendrimers as well as in the use of dendrimers as magnetic resonance

imaging contrast agents, agents for cellular delivery of nucleic acids, and scaffolds for

biomimetic systems.

Researchers are now trying to synthesize dendrimer clusters for targeted therapy. Scientists at

the University of Michigan have devised a method to easily create multipurpose molecules for use

in targeted anti-cancer therapy (NCI 2005). By attaching single-stranded DNA linkers to dendri-

mers, the researchers could bridge together individual dendrimer subunits with specific functions

and create a multifunctional dendrimer cluster. This bridging technique could potentially lead the

way to developing customized therapies for individual patients. Dendrimers are promising candi-

dates for use as the base of anti-cancer drugs to which functional molecules can be attached.

Ideally, an anti-cancer therapeutic agent would have multiple functional groups such as a

targeting molecule to bind a cell, a radioactive compound to kill the cell, and a fluorescent

probe so the process can be imaged. However, there are problems synthesizing these compounds,

and different drugs would have to be designed for each different tumor with this approach.

Dr. James Baker, Jr. and colleagues improved compound synthesis through a building block

approach in one NCI-funded study. They created two single-function dendrimers; one with a

molecule to bind folate receptors and the other with a fluorescein molecule for imaging. They

then added complimentary 34-base stretches of single-stranded DNA to each, and the two dendri-

mers conjugated through base pairing. Using fluorescence imaging, they observed that the

dendrimer cluster specifically bound to a cancer cell line over expressing the folate receptor.

Compared with traditional chemistry, DNA-linked dendrimers could provide a more effective

way to mix and match different therapeutic combinations to better treat individual patients.

Dendrimers represent one nanostructured material that may soon find its way into medical

therapeutics. Starburst dendrimers are tree-shaped synthetic molecules with a regular branching

structure emanating outward from a core that forms nanometer by nanometer with the number of

synthetic steps or generations dictating the exact size of the particles, typically a few nanometers in

spheroidal diameter (Freitas 2005). The peripheral layer can be made to form a dense field of

molecular groups that serve as hooks for attaching other useful molecules such as DNA that can

enter cells while avoiding triggering an immune response unlike viral vectors commonly employed

today for transfection. Upon encountering a living cell, dendrimers of a certain size trigger a

process called endocytosis where the cell’s outermost membrane deforms into a tiny bubble or

vesicle. The vesicle encloses the dendrimer that is then admitted into the cell’s interior. Once inside,

the DNA is released and migrates to the nucleus where it becomes part of the cell’s genome. The

technique has been tested on a variety of mammalian cell types (Kukowska-Latallo et al. 2000) and

in animal models (Vincent et al. 2003) though clinical human trials of dendrimer gene therapy

remain to be done.

Glycodendrimer nanodecoys have also been used to trap and deactivate some strains of influ-

enza virus particles (Reuter et al. 1999; Landers et al. 2002). James Baker’s group at the University

of Michigan is extending this work to the synthesis of multi-component nanodevices called tecto-

dendrimers built up from a number of single-molecule dendrimer components (http://nano.med.u-

mich.edu/projects/Dendrimers.html; Quintana et al. 2002). Tecto-dendrimers have a single core

dendrimer surrounded by additional dendrimer modules of different types, each type designed to

perform a function necessary to a smart therapeutic nanodevice (Figure 27.2). Baker’s group has
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built a library of dendrimeric components from which a combinatorially large number of nanode-

vices can be synthesized.

The initial library contains components that will perform the following tasks: diseased cell

recognition, diagnosis of disease state, drug delivery, report location, and report outcome of

therapy. By using this modular architecture, an array of smart therapeutic nanodevices can be

created with little effort. For instance, once apoptosis-reporting, contrast-enhancing, and chemo-

therapeutic-releasing dendrimer modules are made and attached to the core dendrimer, it should be

possible to make large quantities of this tecto-dendrimer as a starting material. This framework

structure can be customized to fight a particular cancer simply by substituting any one of many

possible distinct cancer recognition or targeting dendrimers, creating a nanodevice customized to

destroy a specific cancer type and no other while also sparing the healthy normal cells. These

nanodevices were synthesized using an ethylenediamine core with folic acid, fluorescein, and

methotrexate covalently attached to the surface to provide targeting, imaging, and intracellular

drug delivery capabilities (Freitas 1999). The “targeted delivery improved the cytotoxic response of

the cells to methotrexate 100-fold over free drug” (Quintana et al. 2002).

At least a half dozen cancer cell types have already been associated with at least one unique

protein that targeting dendrimers could use to identify the cell as cancerous, and as the
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genomic revolution progresses, it is likely that proteins unique to each kind of cancer will

be identified, allowing Baker to design a recognition dendrimer for each type of cancer (http://na-

no.med.umich.edu/projects/Dendrimers.html). The same cell-surface protein recognition-targeting

strategy could be applied against virus-infected cells and parasites. Molecular modeling has been

used to determine optimal dendrimer surface modifications for the function of tecto-dendrimer

nanodevices and to suggest surface modifications that improve targeting (Quintana et al. 2002).

NASA and the National Cancer Institute have funded Baker’s lab to produce dendrimer-based

nanodevices that can detect and report cellular damage because of radiation exposure in astronauts

on long-term space missions (Sparks 2002). By mid-2002, the lab had built a dendrimeric nano-

device to detect and report the intracellular presence of caspase-3, one of the first enzymes released

during cellular suicide or apoptosis (programmed cell death) that is one sign of a radiation-damaged

cell. The device includes one component that identifies the dendrimer as a blood sugar so that the

nanodevice is readily absorbed into a white blood cell and a second component using fluorescence

resonance energy transfer (FRET) that employs two closely bonded molecules. Before apoptosis,

the FRET system stays bound together, and the white cell interior remains dark upon illumination.

Once apoptosis begins and caspase-3 is released, the bond is quickly broken, and the white blood

cell is awash in fluorescent light. If a retinal scanning device measuring the level of fluorescence

inside an astronaut’s body reads above a certain baseline, counteracting drugs can be taken.
27.5.1 DIFFERENCES BETWEEN HYPERBRANCHED STRUCTURES AND DENDRIMERS

Dagani (1996) discussed and compared hyperbranched polymers and dendrimers. Hyperbranched

polymers have highly branched structure, but unlike dendrimers, their structure is neither regular

nor highly symmetrical. The dendrimers were obtained by careful stepwise growth of successive

layers or generations. Hyperbranched polymers are obtained in a single step by polycondensation of

A2B monomers that contain two reactive groups of type A and one of type B. Functional groups A

and B are selected in a way that they react with each other to form a covalent bond. Structure of

hyperbranched polymers is thought to be intermediate between those of linear polymers and

dendrimers. Because of steric constraints and statistical nature of coupling steps, hyperbranched

polymers have irregular structures as some of the A groups remain unreacted, leading to incorpor-

ation of linear segments (i.e., monomers units coupled at two rather than three points) (Frechet

1994). Voit, Turner, and Mourey (1993) showed that viscosity-MW behavior of the hyperbranched

polymers does not show a maximum as observed in the case of dendrimers. Instead, they obey the

Mark–Hownick–Sakunada relation. Although their viscosities are anomalously lower when

compared to linear polymers of comparable size. Analogous to dendrimers, A2B hyperbranched

polymers had essentially same number of reactive groups as they have monomeric units. However,

unlike dendrimers, these functional groups are not all located at chain ends (Frechet 1994).
27.5.2 CLASSIFICATION OF DENDRIMERS

The dendrimers that are most studied and reported up to higher generations (Bosman, Janssen, and

Meijer 1999) can be classified chemically viz. peptide dendrimers that were patented and described

upto higher generations by Denkewalter in the early 1980s. Those can well be characterized by

size-exclusion chromatography only. PAMAM dendrimers are another class of dendritic structures

that have been thoroughly investigated and had received wide spread attention. These were diver-

gently constructed, e.g., PAMAM described by Tomalia and arborol systems of Newkome.

Polypropyleneimine dendrimers were produced by Vogtle by divergent synthesis. It was also

produced by heterogeneously catalyzed hydrogenation by De Brabander-van-den Berg and

Meijer (1993) and is also studied widely. Frechet produced Poly-ether dendrimers by convergent

procedures (Wooley et al. 1994). These also include Poly(aryl ether) dendrimers. Moore produced

Phenyl acetylene dendrimers by convergent approach. Tetrathiofulvalene (TTF)21-glycol
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dendrimers are another class of dendrimers that are intra-dendrimer aggregates of TTF cation

radicals (Christensen et al. 1998). These are evident by spectrochemical studies of partially

oxidized TTF units. These were prepared by convergent approaches. Pentaporphyrin is another

starburst porphyrin polymer that is considered as a first generation dendrimers (Norsten and Branda

1998). These had hybrid properties of porphyrin and dendrimers where ether linkages are found for

iterations. Aryl ester monodispersed dendrimers based on 1, 3, 5-benzene tricarboxylic acid were

initially described by Miller, Kwock, and Neenan (1992) and prepared by convergent synthesis.

This was possibly used for MWs standards as polymeric rheological modifier, molecular inclusion

hosts, etc. Two types of dendrimeric nucleic acids have been studied, viz. those that are covalently

connected, and those that self-assemble via complementary base-pairing schemes (Kim and

Zimmerman 1998). An example of a covalent DNA dendrimer was reported, wherein a second-

generation phosphodiester-based dendrimer derived from pentaerythritol held nine pentathymidy-

late units on the end-groups and either a 15-mer or 26-mer at the core.

Additionally, many other types of interesting, valuable, aesthetically pleasing dendritic systems

have been developed such as Dendrophanes that were first described by Diederich and coworkers.

They called these phenyl methane-based cyclophane. These were designed as globular proteins.

Metallodendrimers include Ruthenium-terpyridine complexed dendrimers by Newkome and

coworkers, dendritic iron (II) complexes by Chow and coworkers, zinc-porphyrin dendrimers by

Diederich and coworkers, etc. and they contain metal complexed in dendrimer structure. Polyamino

phosphine containing dendrimers are phosphorous containing dendrimers. Mesogen functionalized

carbosilane dendrimer involves functionalization by 36 mesogenic units attached through C-5

spacer to liquid crystalline dendrimer that form smectic-A phase in a temperature range of 117–

1308C. Dendritic box was based on construction of a chiral shell of protected amino acids onto

polypropyleneimine dendrimers with 64 amino end groups. These monodispersed dendritic

containers of nanometric dimensions have physically entrapped or locked in guest molecules

(Jansen et al. 1994; Jansen and Meijer 1995). Toyokuni et al. (1994) described an example of

carbohydrate dendrimers for tumor-associated carbohydrate antigens. They linked it without the

use of macromolecular carrier or an adjuvant, and they conjugated it with starburst PAMAM

dendrimers to elicit antibody responses.

Dendrimeric systems can also be classified on the basis of physical characteristics of the system

such as simple dendrimers having simple monomeric units; liquid crystalline dendrimers having

mesogenic liquid crystalline substances; chiral dendrimers having optical activities; and micellar

dendrimers having unimolecular micellar structures or water-soluble hyperbranched dendrimers of

polyphenylene, etc. Hybrid dendrimers are combinations of dendritic and linear polymers in hybrid

block or graft copolymers forms, whereas amphiphilic dendrimers are a class of globular dendri-

mers having unsymmetrical, but highly controlled, distributions of chain end chemistry. These are

oriented at interfaces forming interfacial liquid membranes for stabilizing aqueous organic emul-

sion. These may be oriented under influence of external stimulus, e.g., electric field.
27.5.3 FEATURES OF DENDRIMERS AS NANODRUGS

The various features of dendrimeric formulations in use include cost and ease of manufacture for

cost effective (compared with small molecule drugs), and such formulations can be scaled-up for

Current Good Manufacturing Practices (cGMP) guidelines manufacture. These are effective and

active against a wide range of diseases and for their novel modes of action. Also at therapeutic

doses, the dendrimers are safe and stable as solids, and they are thus available in a variety of

Pharmaceutical formulations. The formulations are reproducible and defined as far as identity is

concerned. They appear in most cases as white to off-white powder. Starpharma-like Pharma-

ceuticals (www.starpharma.com/framemaster.htm) are creating value from such dendrimer-based

nanotechnology. Their core business strategies include developing high-value dendrimer nano-

drugs to address unmet market needs, partnering with pharmaceutical companies to create new
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opportunities and solutions to problems with the application of dendrimer nanotechnology,

extending core skills and know-how through licensing and partnering with others, and investing

in non-pharmaceutical applications of dendrimer technology. Rational drug design is being used by

the biotechnology and pharmaceutical industry to design novel drugs based on known biological

targets (e.g., receptors involved in the pathogenesis of disease). In this context, Starpharma’s

dendrimer technologies offer a unique ability to design functionalized, polyvalent dendrimers as

defined species for specific biological targets.

The dendrimers are being eyed as drug-delivery agents, micelle mimics, and nanoscale building

blocks. There are also added possibilities for grafting of active groups on surface of dendrimer by

using cross-linkers. Also fatty acids, and polymers such as poly(ethyleneglycol) (PEG), etc. can be

attached to dendrimers due to –COOH and –NH2 terminal active groups present on its surface. PEG

coatings, also called as PEGylation, could also have many possible numerous advantages so could

be selected for coating (Zeng and Zimmerman 1997). Gitsov and Fréchet (1996) published some

preliminary results on macromolecules that change shape when the polarity of the solvent changes.

These macromolecules consist of four long PEG chains extending out from a central carbon atom.

Each of these hydrophilic PEG arms is terminated with a hydrophobic wedge-like dendritic group

based on 3,5-dihydroxybenzyl alcohol. The arms are long enough and flexible enough to allow this

hybrid star to assume several very different conformations in solution. In tetrahydrofuran, the

hybrid star forms a unimolecular micelle that has a hydrophilic core of tightly packed PEG arms

surrounded by a loose hydrophobic shell of dendritic wedges. In chlorinated solvents such as

chloroform where both building blocks are readily soluble, the PEG arms (and their dendritic

extremities) extend outward, making the core more accessible. In polar or aqueous media such

as methanol, the hydrophilic PEG arms loop around the hydrophobic dendritic wedges, pushing the

wedges into the star’s core and leaving an outer PEG layer exposed to the outside world. The hybrid

stars rearrange their two types of components in this way to minimize the overall free energy of

the system.

A novel hybrid star prepared in Fréchet’s lab at the University of California Berkeley changes

its conformation when the polarity of the solvent medium changes. In THF (tetrahydrofuran), the

hydrophilic PEG core is compact, whereas in chloroform, it is more extended and open. In

methanol, the hydrophilic PEG arms envelope the hydrophobic dendritic wedges, leading to two

possible conformations. In one, the dendritic wedges are tightly packed toward the middle of the

micelle with the PEG arms forming loops in the surrounding medium. In the other arrangement,

each dendritic moiety is individually wrapped in a PEG arm and somewhat extended into the

medium. Freemantle (1999) also explored blossoming of dendrimers in a conference that explored

design, synthesis, structure, and potential applications of highly branched macromolecules.
27.6 APPLICATIONS OF PEGYLATED DENDRIMERS

Dendrimers are synthetic, nanoscale structures (1–100 nm) types of polyvalent pharmaceuticals

(www.starpharma.com/framemaster.htm) that can be tailored for many pharmaceutical appli-

cations. Specialized chemistry techniques allow for precise control of the physical and chemical

properties of dendrimers. They are constructed in a series of controlled steps (see below) that

increase the number of small branching molecules around a central core molecule. The final

generation of molecules added to the growing structure makes up the polyvalent surface of the

dendrimer. The core branching and surface molecules are chosen to give desired properties and

functions. Dendrimers allow researchers, for the first time, to produce highly defined and biocom-

patible nanoscale objects built from the bottom up. This high definition enables unique

functionality in life sciences applications. For readers interested in a historical account, termi-

nology, nomenclature, or other background material, an excellent monograph by Newkome,

Moorefield, and Vogtle (1996) is recommended. Zeng and Zimmerman (1997) broadly reviewed
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applications of dendrimers in bioorganic chemistry that have been reported in the past year, and,

although somewhat different in focus, it updates earlier reviews published. An excellent review of

dendrimers that act as biological mimics was also published by Smith and Diederich (1998).

Beyond discussing a couple of results in the area of biomimetic dendrimers, this review highlighted

various work on dendrimers whose monomer units are derived from carbohydrates, amino acids, or

nucleotides and also several promising biomedical applications under active investigation.
27.6.1 ENHANCED BIOCOMPATIBILITY FOR DRUG DELIVERY

PAMAM dendrimers having poly(ethylene glycol) (PEG) grafts were designed as a novel drug

carrier that possesses an interior for the encapsulation of drugs and a biocompatible surface. PEG

monomethyl ether with the average MW of 550 or 2000 Da was combined to essentially every

chain end of the dendrimer of the third or fourth generation via urethane bond (Kojima et al. 2000).

The PEG-attached dendrimers encapsulating anti-cancer drugs adriamycin and methotrexate were

prepared by extraction with chloroform from mixtures of the PEG-attached dendrimers and varying

amounts of the drugs. Their ability to encapsulate these drugs increased with increasing dendrimer

generation and chain length of PEG grafts. Among the PEG-attached dendrimers prepared, the

highest ability was achieved by the dendrimer of the fourth generation having the PEG grafts with

the average MW of 2,000 Da that could retain 6.5 adriamycin molecules or 26 methotrexate

molecules/dendrimer molecule. The methotrexate-loaded PEG-attached dendrimers slowly

released the drug in an aqueous solution of low ionic strength. However, in isotonic solutions,

methotrexate and doxorubicin were readily released from the PEG-attached dendrimers.

Padilla et al. (2002) described the use of high MW polymers (O 20,000 Da) as soluble drug

carriers to improve drug targeting and therapeutic efficacy. They evaluated various dendritic archi-

tectures composed of a polyester dendritic scaffold based on the monomer unit 2,2-

bis(hydroxymethyl) propanoic acid for their suitability as drug carriers both in vitro and in vivo.

These systems are both water-soluble and non-toxic. In addition, the potent anti-cancer drug

doxorubicin was covalently bound via a hydrazone linkage to a high MW 3-arm poly(ethylene

oxide) (PEO)-dendrimer hybrid. Drug release was a function of pH, and the release rate was more

rapid at pH ! 6. The cytotoxicity of the DOX-polymer conjugate measured on multiple cancer

lines in vitro was reduced but not eliminated, indicating that some active doxorubicin was released

from the drug polymer conjugate under physiological conditions. Furthermore, biodistribution

experiments show little accumulation of the DOX-polymer conjugate in vital organs, and the

serum half-life of doxorubicin attached to an appropriate high MW polymer has been significantly

increased when compared to the free drug. Therefore, this new macromolecular system exhibits

promising characteristics for the development of new polymeric drug carriers.

Kolhe et al. (2003) attached PEG grafts to the terminal amine groups of the dendrimer and

enhanced biocompatibility of higher generation PAMAM dendrimer. Similarly, Bhadra et al.

(2003) described the use of uncoated and PEGylated newer PAMAM dendrimers for delivery of

an anti-cancer drug 5-fluorouracil. The 4.0 G PAMAM dendrimer was PEGylated using N-hydro-

xysuccinimide-activated carboxymethyl MPEG-5000. The PEGylation of the systems was found to

have increased their drug-loading capacity, reduced their drug release rate, and hemolytic toxicity.

TEM study revealed quite uniform surface of the systems. The systems were found suitable for

prolonged delivery of an anti-cancer drug by in vitro and blood-level studies in albino rats without

producing any significant hematological disturbances. PEG modification has been found to be

suitable for modification of PAMAM dendrimers for reduction of drug leakage and hemolytic

toxicity. This, in turn, could improve drug-loading capacity and stabilize such systems in the

body. The study suggests use of such PEGylated dendrimeric systems as nanoparticulate depot

type of system for drug administration (Figure 27.3).

The entrapment of 5-fluorouracil in PEG modification dendrimers significantly increased by 12

times because of more sealing of dendrimeric structure by PEG coating at the peripheral portions of
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FIGURE 27.3 Chemical structural representation of PEG coated PAMAM loaded with 5-fluorouracil.

(Adapted from Bhadra, et al., Int. J. Pharm., 257, 111, 2003. With permission.)
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dendrimers as coat that prevented drug release by enhancing complexation probably by steric and

electronic effects of the additional functional groups made available by MPEG (Figure 27.4). This,

in turn, also reduced the rate of drug release from such systems across dialysis membrane as

observed by their release profile. The PAMAM dendrimers on PEGylation behaved similar to
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spherical unimolecular polymer micelles with chains of hydrated methoxy-poly(ethyleneglycol) on

its surface as coat. This increased the entrapment capacity of dendrimers and made them act as

nanometric containers carrying drugs. Such PEGylated dendrimers can be suggested for sustaining

delivery of the drug 5-fluorouracil as also observed by the blood level data where blood level was

much prolonged and was detectable up to 12 h. The formulations were found to be following

sustained release characteristics for 5-FU (Figure 27.5) as shown by the relative increase in

MRT for both non-PEGylated and PEGylated drug-dendrimer complexes as compared to plain

drug solution (6.024 and 13.31 times, respectively). The release rate, however, was found to have

increased in vivo as compared to in vitro data, possibly because of the metabolism by the enzymes

and hydrolysis in the body. The blood level of the drug was found to be lower in case of PEGylated

systems than that of non-PEGylated as a result of slower release rates of the drug similar to the trend

found in vitro for the drug release. This might also be attributed to better cellular penetration and

adhesion properties of the PEG chains of PEGylated systems that might lead to entanglement of

such systems within capillary fenestration from which such systems might release drugs acting as

nanoparticulate depot type carrier present in blood circulation.
27.6.2 MICELLAR MEANS OF ENHANCING SOLUBILITY

Chapman and coworkers prepared amphiphilic copolymers derived from linear PEO and tBoC-

terminated poly-a,2-lysine dendrimers. The use of PEO as a platform for the dendrimers synthesis

greatly facilitated separation because product up to fourth generation could be precipitated from

reaction mixtures by ether. Surface tension method was employed to determine Critical Micelle

Concentration (CMC) and micelle formation behavior. The surface of the aggregates was suggested

to be highly compact. The existence of transition concentration for dye solubility of dye orange OT

by G4 hydramphiphiles in water supports the micellar behavior (Chapman et al. 1994).

Frechet and coworkers also synthesized another novel class of amphiphilic star copolymers. A

four-armed PEG star was attached to four polyether dendrons derived from a pentaerythritol core.

Results of SEC/VISC and 1HNMR studies indicated the formation of unimolecular micelles in

chloroform, tetrahydrofuran, or methanol, but with strikingly different structures. The star copo-

lymers could self organizes into different micellar structures as a function of the environment. A

potential application of these stimuli responsive copolymers involves their uses as solvent specific

encapsulation agents (Gitsov and Frechet 1996).
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Water-soluble dendritic unimolecular micelles as potential drug delivery agents had been

explored by Liu et al. (2000) with the hydrophobic core surrounded by hydrophilic shell. These

were prepared by coupling dendritic hypercores with PEG-mesylates. The monomeric core that was

selected to build it was 4,4-bis(4 0hydroxy phenyl) pentanol as this larger monomeric unit provides

flexibility to the dendritic structures while contributing to the container capacity of the overall

structure. Four generations of dendritic hypercores with 6, 12, 24, and 48 phenolic end groups were

prepared. Subsequent coupling reaction with PEG-mesylates afforded four generations of dendritic

unimolecular micelles (Gitsov and Fréchet 1993). The container property was demonstrated by

pyrene solubilization in aqueous solution. In general, copolymers containing low generation

dendrons, especially G1, tended to form unimolecular micelle, whereas G2 and G3 copolymers

formed multi molecular micelles, presumably driven by hydrophobic effects and p–p interaction

between dendritic blocks. Coexistence of two well-separated peaks in the SEC indicated a slow

exchange process between these two species of different sizes.

Ooya, Lee, and Park (2003) developed new methods and pharmaceutical compositions to

increase the aqueous solubility of paclitaxel (PTX), a poorly water-soluble drug. Graft and star-

shaped graft polymers consisting of PEG400 graft chains increased the PTX solubility in water by

three orders of magnitude. Polyglycerol dendrimers (dendriPGs) dissolved in water at high concen-

trations without significantly increasing the viscosity and at 80 wt% were found to increase the

solubility of PTX 10,000-fold. The solubilized PTX was released from graft polymers, star-shaped

graft polymers, and the dendriPGs into the surrounding aqueous solution. The release rate was a

function of the star shape and the dendrimer generation. The availability of the new graft, star, and

dendritic polymers having ethylene glycol units should permit development of novel delivery

systems for other poorly water-soluble drugs.
27.6.3 ENHANCING PHARMACOKINETIC PROPERTIES

New polyester dendrimer-PEO bow-tie hybrids were evaluated for their potential as drug delivery

vehicles and to explore the effect of MW and architecture on their pharmacokinetic properties

(Elizabeth et al. 2005). In vitro experiments showed that these polymers were non-toxic to MDA-

MB-231 cells and that they degraded to lower MWs at the normal physiological pH of 7.4 and at the

mildly acidic pH of 5.0 that may be encountered upon uptake of these molecules by endocytosis and

subsequent trafficking to endosomes and lysosomes. Biodistribution studies showed that all carriers

with MWs of 40,000 and greater had long plasma circulation times, whereas those with lower MWs

were cleared more rapidly with significant quantities excreted in the urine. In general, it was found

that the more branched [G-3] polymers exhibited increased circulation times and decreased renal

clearance relative to the less branched polymers, a property likely attributable to their decreased

flexibility and resulting difficulty in passing through glomerular pores. It was also demonstrated that

the more branched structures provide increased levels of steric protection for the payload on the

drug-carrying dendron at the core of the molecule. High levels of tumor accumulation were found

for two [G-3] polymers in mice bearing subcutaneous B16F10 melanoma. Overall, the features of

these new branched carriers include degradability, lack of toxicity, long circulation half-lives, and

high levels of tumor accumulation make them very promising polymers for therapeutic appli-

cations. High MW polymers have shown promise in terms of improving the properties and the

efficacy of low MW therapeutics. However, new systems that are highly biocompatible are biode-

gradable, have well-defined MW, and have multiple functional groups for drug attachment are still

needed. The biological evaluation of a library of eight polyester dendrimer-PEO bow-tie hybrids is

described here.

The group of evaluated polymers was designed to include a range of MWs (from 20,000 to

160,000) and architectures with the number of PEO arms ranging from two to eight. In vitro

experiments revealed that the polymers were non-toxic to cells and were degraded to lower MW

species at pH 7.4 and pH 5.0. Biodistribution studies with 125I-radiolabeled polymers showed that
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the high MW carriers (O40,000) exhibited long circulation half-lives. Comparison of the renal

clearances for the four-arm versus eight-arm polymers indicated that the more branched polymers

were excreted more slowly into the urine, a result attributed to their decreased flexibility. Because

of their essentially linear architecture that does not provide for good isolation of the iodinated

phenolic moieties, the polymers with two arms were rapidly taken up by the liver. The biodistribu-

tions of two long-circulating high MW polymers in mice bearing subcutaneous B16F10 tumors

were evaluated, and high levels of tumor accumulation were observed. These new carriers are

promising for applications in drug delivery and are also useful for improving the understanding of

the effect of polymer architecture on pharmacokinetic properties (Elizabeth et al. 2005).
27.6.4 DENDRIMER USE AS TRANSFECTION REAGENTS

The recent completion of the human genome sequence has provided promising tools for defining

cancer-specific targets, including genes and their expression patterns. In addition, the development

in proteomics and achievements of high-throughput screenings offer great potential for discovering

effective drugs, including DNA drugs, for gene therapy. Therefore, cancer therapy is no longer

limited by the identification of genes; it is limited by an inability to deliver them efficiently to

cancer cells, and the bottleneck in cancer gene therapy will soon be shifting from gene discovery

to gene delivery (Luo 2004). The goal is to provide adequate amounts of drugs that are close to

targeted cells because the actual destination for all gene delivery is the cell nucleus. Only drugs that

are close to cells can be internalized. Once inside, intracellular barriers are considerably different.

For example, diffusion is no longer the bottleneck. Rather, cytosol survival and nuclear targeting

are more important (for non-viral gene delivery). An important and difficult task for cancer gene

therapy is increasing the expression level of the therapeutic gene (that is usually toxic) in targeted

tumor cells, but at the same time, avoiding its expression in normal tissue (Luo and Saltzman 2000).

Methoxypoly(ethylene glycol)-block-poly(L-lysine) dendrimer was designed to form a water-

soluble complex with plasmid DNA. The copolymer was synthesized by the liquid-phase peptide

synthesis method (Choi et al. 1999). Agarose gel electrophoresis and DNase I protection assay

proved that this linear polymer/dendrimer block copolymer spontaneously assembled with plasmid

DNA, forming a water-soluble complex that increased the stability of the complexed DNA. Atomic

force microscopy of the complex was evaluated at various charge ratios, showing that the copo-

lymer/DNA complex was like a globular shape.

Choi et al. (2000) synthesized and used a barbell-like triblock copolymer, poly(L-lysine)

dendrimer-block-poly(ethylene glycol)-block-poly(L-lysine) dendrimer, for delivery of plasmid

DNA by its self-assembly with the structures. A barbell-like ABA-type triblock copolymer,

poly(L-lysine) dendrimer-block-poly(ethylene glycol)-block-poly(L-lysine) dendrimer

(PLLD–PEG–PLLD), was synthesized by the liquid-phase peptide synthesis method. The self-

assembling complex formation of the third and fourth generation of the copolymer with plasmid

DNA was studied. 1H NMR and matrix-assisted laser desorption/ionization-time-of-flight mass

spectrometry (MALDI-TOF MS) were used for the characterization of the synthesized copolymer.

The self-assembling behavior of the third and fourth generations of the copolymer with plasmid

DNA was investigated by electrophoretic mobility shift assay, DNase I protection assay, and

ethidium bromide exclusion assay. They observed great differences in the self-assembling ability

of the third and fourth generations of the polymer. This suggests that the number of positively

charged amines per polymer molecule should be an important factor for the potential for self-

assembling complex formation with DNA. Atomic force microscopy (AFM) and z potentials were

used for evaluating the shape, size distribution, and surface charge of the complexes at various

charge ratios. From AFM images, it was observed that the shape of the complex was nearly

spherical, and its size was about 50–150 nm in diameter. The in vitro cytotoxicity of the copolymer

was compared with that of poly(L-lysine), poly(D-lysine), and polyethylenimine.
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Luo et al. (2002) demonstrated a simple and successful synthetic approach to devise a highly

efficient DNA delivery system with low cytotoxicity and low cost. PAMAM dendrimer is a highly

efficient DNA delivery agent when compared to other chemical transfection reagents. Partially

degraded, high-generation dendrimers offer even higher efficiency, presumably because of

enhanced flexibility of the otherwise rigid dendrimer chains. It was hypothesized that chemical

modification of low generation dendrimer with biocompatible PEG chains would create a conjugate

of PAMAM core with flexible PEG chains that mimics the fractured high-generation dendrimer and

produces high transfection efficiency. Generation 5 PAMAM dendrimer was modified with

3400 MW PEG. The novel conjugate produced a 20-fold increase in transfection efficiency

compared with partially degraded dendrimer controls. The cytotoxicity of PEGylated dendrimers

was very low. This extremely efficient, highly biocompatible, low-cost DNA delivery system can

be readily used in basic research laboratories and may find future clinical applications.

This system can be readily used in basic research laboratories and may be modified and applied

in future clinical usage. Furthermore, similar approaches could be adopted with other DNA delivery

agents that may create new opportunities for using DNA as a drug via a synthetic delivery route.

Mannisto et al. (2002) investigated the influence of shape, MW, and PEGylation of linear,

grafted, dendritic, and branched poly(L-lysine) on their DNA delivery properties. DNA binding,

condensation, complex size and morphology, cell uptake, and transfection efficiency were

determined. Most poly(L-lysine) condense DNA linear polymers and are at the same time more

efficient than most dendrimers. At low MWs of PLL, DNA binding and condensation were less

efficient, particularly with dendrimers. PEGylation did not decrease DNA condensation of PLLs at

less than 60% (fraction of MW) of PEG. PEGylation sterically stabilized the complexes but did not

protect them from interaction with polyanionic chondroitin sulfate. Cell uptake of poly(L-lysine)/

DNA complexes was high and PEGylation increased the transfection efficacy. However, overall

transfection level of poly(L-lysine) is low possibly as a result of the inadequate escape of the

complexes from endosomes or poor release of DNA from the complexes. Physicochemical and

biological structure-property relationships of poly(L-lysine) were demonstrated, but no clear corre-

lations between the tested physicochemical determinants (size of complexes, zeta-potentials,

condensation of DNA, and the shape of complexes) and biological activities were seen. Intra-

cellular factors and/or still unknown features of DNA complexation may ultimately determine

transfection activity with the carriers.

Kim et al. (2004) synthesized and applied a novel triblock copolymer, PAMAM-block-PEG-

block-PAMAM, as a gene carrier. PAMAM dendrimer is proven to be an efficient gene carrier

itself, but it is associated with certain problems such as low water solubility and considerable

cytotoxicity. Therefore, they introduced PEG to engineer a non-toxic and highly transfection-

efficient polymeric gene carrier because PEG is known to convey water-solubility and biocompat-

ibility to the conjugated copolymer. This copolymer could achieve self-assembly with plasmid

DNA, forming compact nanosized particles with a narrow size distribution. Fulfilling expectations,

the copolymer was found to form highly water-soluble polyplexes with plasmid DNA, showed little

cytotoxicity despite its poor degradability, and finally achieved high transfection efficiency com-

parable to PEI. Consequently, they showed that an approach involving the introduction of PEG to

create a tree-like cationic copolymer possesses a great potential for use in gene delivery systems.

Logically, this approach could be extended to cancer treatment.
27.6.5 STIMULI RESPONSIVE CARRIERS

Gillies and Frechet (2002) designed and prepared a new polyester dendrimer, PEO hybrid systems,

for drug delivery and related therapeutic applications. These systems consist of two covalently

attached polyester dendrons where one dendron provides multiple functional handles for the attach-

ment of therapeutically active moieties, whereas the other is used for attachment of solubilizing

PEO chains. By varying the generation of the dendrons and the mass of the PEO chains, the MW,
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architecture, and drug loading can be readily controlled. The bow-tie shaped dendritic scaffold was

synthesized using both convergent and divergent methods with orthogonal protecting groups on the

periphery of the two dendrons. PEO was then attached to the periphery of one dendron using an

efficient coupling procedure. A small library of eight carriers with MWs ranging from about 20 to

160 kDa were prepared and characterized by various techniques, confirming their well-

defined structures.

Gillies, Jonsson, and Frechet (2004) used a pH-responsive micelle system, linear-dendritic

block copolymers comprising PEO and either a polylysine or polyester dendron. These were

prepared, and hydrophobic groups were attached to the dendrimer periphery by highly acid-sensi-

tive cyclic acetals. These copolymers were designed to form stable micelles in aqueous solution at

neutral pH and disintegrate into unimers at mildly acidic pH following loss of the hydrophobic

groups upon acetal hydrolysis. Micelle formation was demonstrated by encapsulation of the fluor-

escent probe Nile Red, and the micelle sizes were determined by dynamic light scattering. The

structure of the dendrimer block, its generation, and the synthetic method for linking the acetal

groups to its periphery all had an influence on the CMC and the micelle size. The rate of hydrolysis

of the acetals at the micelle core was measured for each system at pH 7.4 and pH 5, and it was found

that all systems were stable at neutral pH but that they underwent significant hydrolysis at pH 5 over

several hours. The rate of hydrolysis at pH 5 was dependent on the structure of the copolymer, most

notably the hydrophobicity of the core-forming block. To demonstrate the potential of these

systems for controlled release, the release of Nile Red as a model payload was examined. At pH

7.4, the fluorescence of micelle-encapsulated Nile Red was relatively constant, indicating it was

retained in the micelle, and at pH 5, the fluorescence decreased, consistent with its release into the

aqueous environment. The rate of release was strongly correlated with the rate of acetal hydrolysis

and was controlled by the chemical structure of the copolymer. The mechanism of Nile Red release

was investigated by monitoring the change in size of the micelles over time at acidic pH. Dynamic

light scattering measurement showed a size decrease over time, eventually reaching the size of a

unimer, providing evidence for the proposed micelle disintegration.
27.6.6 ALTERATION OF TOXICITY

In one of the studies Bhadra et al. (2003) found that PEGylation significantly decreased the

hemolysis of red blood cells (RBCs) to below 5% in case of whole generation amine terminated

charged dendrimers having about 15.3–17.3% hemolytic toxicity, similar to negligible in case of

half generations of carboxylic acid terminated dendrimers. This was due to inhibition of interaction

of RBCs with the charged quaternary ammonium ion as determined by interaction with RBCs. The

hemolytic toxicity of the dendrimers was enough to preclude its use as a drug delivery system. The

toxicity was due to the poly-cationic nature of the PAMAM dendrimers that was also responsible

for their cytotoxicity (Malik et al. 2000), particularly in the case of whole generation amine

terminated charged dendrimers, but not in the case of half generations of carboxylic acid

terminated dendrimers.

The PEGylation of the dendrimers were found to have also considerably lower rate of hemo-

lysis of the RBCs because of significantly reduced interaction of RBCs with the charged quaternary

ammonium ion that is generally present on the amine terminated whole generations of dendrimers.

Also, the hematological study was undertaken to assess the relative effects of the PEGylated and

non-PEGylated systems as compared to the plain drug on various blood parameters. The blood

parameters undergoing major changes as to normal values of blood levels are RBC count, WBC

count, and differential lymphocytes count. The RBC count of non-PEGylated 5-FU-dendrimers was

found to have decreased below normal values by about 1!106/ml RBCs to 2!106/ml RBCs as

against similar PEGylated systems. The WBC count of non-PEGylated 5-FU-dendrimer complex

increased by 3!103/ml cells to 4!103/ml cells as compared to normal values. However, for 5

FU-PEGylated dendrimer complexes, the increase was by 1!103/ml cells to 1.5!103/ml WBCs
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as compared to normal count in controlled group. The increase in WBC count is significant in case

of non-PEGylated systems. Similarly, relatively greater increase in lymphocyte count was observed

by non-PEGylated dendrimer-drug complexes that were by about 2!103/ml cells. This was similar

to blood toxicity and cytotoxicity effects of acrylates nanoparticulates (Malik et al. 2000), which are

known to be stimulating the macrophage level and WBC count. This was found to be true in the

case of these non-PEGylated drug-dendrimeric systems but not in case of PEGylated systems,

conforming the trends of the PEGylated carriers (Veronese et al. 1989; Papahadjopoulus et al.

1991; Phillips et al. 1999) undergoing lesser phagocytic uptake.

Neerman et al. (2004) also showed that dendrimers based on melamine could reduce the organ

toxicity of solubilized cancer drugs administered by intraperitoneal injection. Methotrexate and

6-mercaptopurine, both FDA approved anti-cancer drugs, are known hepatotoxins. The solubility

of these molecules can be increased by mixing them with a dendrimer based on melamine. C3H

mice were administered subchronic doses of methotrexate or 6-mercaptopurine with and without a

solubilizing dendrimer. Forty-eight hours after dosing, the mice were sacrificed, and serum was

collected for biochemical analyses. The levels of alanine transaminase, ALT, were used to probe

liver damage. When the drugs are encapsulated by the dendrimer, a significant reduction in hepa-

totoxicity is observed; ALT levels from the rescued groups (drug C dendrimer) were 27%

(methotrexate) and 36% (6-mercaptopurine) lower than those of animals treated with the

drug alone.

Initial studies of a generation 3, cationic dendrimer bearing 24 primary amino groups revealed

that this dendrimer was toxic both in vitro and in vivo. Extensive liver damage was observed when

mice were challenged with subchronic doses of this dendrimer. Other groups hypothesized that

surface group charge was the determining factor in predicting a dendrimer’s toxicity as cationic

surface groups will electrostatically adhere to cell surface, inducing bulk adhesion that leads to the

cell’s demise. Surface group modification of a generation 3, cationic dendrimer bearing 48 primary

amino groups to possess anionic or neutral surface groups had a significant impact on both in vitro and

in vivo toxicity. The introduction of neutral PEG groups afforded the most protection in vitro and

in vivo. Shielding of the dendrimer’s charged groups attenuates the bulk adhesion of these molecules,

leading to a decrease in the toxicity of these dendrimers. It appeared that PEGylation afforded the

most protection against toxicity of dendrimers based on melamine. As a result, the candidate vehicle

was subjected to a series of analyses. Albumin interaction studies showed that this dendrimer

interacted with albumin that could have a profound effect on the dendrimer’s pharmacokinetic

parameters. In vitro drug release profiles of the anti-cancer drugs methotrexate and paclitaxel

revealed that methotrexate was rapidly released while paclitaxel showed a more controlled, sustained

release. This discrepancy in drug release was attributed to disparities in the drug’s hydrophobicity;

the more hydrophobic drug, paclitaxel, formed a stronger association with the dendrimer’s hydro-

phobic core. As a result, release was more controlled. In terms of the in vitro cytotoxicity of these

dendrimer/drug formulations, free drug was more toxic than the dendrimer-associated drug. This was

attributed to differences in the cellular uptake of free versus dendrimer-associated drug. To assess if a

difference in cellular uptake existed between free and dendrimer associated substrates, cells exposed

to free rhodamine B showed higher intracellular levels of dye than those cells exposed to dendrimer-

associated rhodamine B. The preliminary in vivo biodistribution screen of the Cy5.5-labeled

dendrimer showed that the dendrimer was still present in the body 24 h post injection while exhibiting

a high degree of liver accumulation after such time (https://txspace.tamu.edu/dev-xml/bitstream/

1969.1/5330/1/etd-tamu-2005A-TOXI-Neerman.pdf).

Chen et al. (2004) designed a small library of dendrimers prepared from a common precursor

that is available in 5 g scale in five linear steps at 56% overall yield. The precursor is a generation

three dendrimer that displays 48 peripheral sites by incorporating AB4 surface groups. Manipu-

lation of these sites provided six dendrimers that vary in the chemistry of the surface group (amine,

guanidine, carboxylate, sulfonate, phosphonate, and PEGylated) that were evaluated for hemolytic

potential and cytotoxicity. Cationic dendrimers were found to be more cytotoxic and hemolytic
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than anionic or PEGylated dendrimers. The PEGylated dendrimer was evaluated for acute toxicity

in vivo. No toxicity, neither mortality nor abnormal blood chemistry, based on blood urea nitrogen

levels or alanine transaminase activity was observed in doses up to 2.56 g/kg i.p. and

1.28 g/kg intavenously.
27.6.7 EFFECTIVE PHOTODYNAMIC THERAPY

Photosensitizers play a crucial role in the photodynamic therapy (PDT) of cancer. Zhang et al.

(2003) observed that the use of PIC micelles as a delivery system reduced the dark toxicity of the

cationic dendrimer porphyrin, probably because of the biocompatible PEG shell of the micelles.

They compared relatively low cellular uptake of dendrimer porphyrin [NH2CH2CH2NHCO]32-

DPZn incorporated in the PIC micelle as was observed, yet the latter exhibited enhanced

photodynamic efficacy on the Lewis Lung Carcinoma (LLC) cell line. In this study, a third-gener-

ation aryl ether dendrimer porphyrin with 32 primary amine groups on the periphery,

[NH2CH2CH2NHCO]32DPZn, and pH-sensitive, polyion complex micelles (PIC) composed of

the porphyrin dendrimer and PEG-b-poly(aspartic acid) were evaluated as new photosensitizers

(PSs) for PDT in the LLC cell line. The preliminary photophysical characteristics of [NH2CH2-

CH2NHCO]32DPZn and the corresponding micelles were investigated. Electrostatic assembly

resulted in a red-shift of the Soret peak of the porphyrin core and the enhanced fluorescence.

Jang et al. (2005) described a supramolecular nanocarrier of anionic dendrimer porphyrins

with cationic block copolymers modified with PEG to enhance intracellular photodynamic efficacy.
27.6.8 DENDRITIC GELS

Luman, Smeds, and Grinstaff (2003) developed a process of high-yield convergent synthesis of

dendrons, dendrimers, and dendritic-linear hybrid macromolecules composed of succinic acid,

glycerol, and PEG. This convergent synthesis relies on two orthogonal protecting groups,

namely, the benzylidene acetal (bzld) for the protection of the 1,3-hydroxyls of glycerol and the

tert-butyldiphenylsialyl (TBDPS) ester for protection of the carboxylic acid of succinic acid. These

novel polyester dendritic macromolecules are entirely composed of building blocks known to be

biocompatible or degradable in vivo to give natural metabolites. Derivatization of the dendritic

periphery with a methacrylate affords a polymer that can be subsequently photo-cross-linked. The

three-dimensional cross-linked gels formed by ultraviolet irradiation are optically transparent with

mechanical properties dependent on the initial cross-linkable dendritic macromolecule.
27.6.9 LIGAND-BASED DRUG DELIVERY

Architectural features of synthetic ligands were systematically varied to optimize inhibition of mast cell

degranulation initiated by multivalent crossing of IgE-receptor complexes Baird et al. (2003). A series

of ligands were generated by end-capping PEG polymers and amine-based dendrimers with the hapten

2,4-dinitrophenyl (DNP). These were used to explore the influence of polymeric backbone length,

valency, and hapten presentation on binding to anti-DNP IgE and inhibition of stimulated activation of

RBL cells. Monovalent MPEG(5000)-DNP (IC(50)Z50 nM), bivalent DNP-PEG(3350)-DNP

(IC(50)Z8 nM), bismonovalent MPEG(5000)-DNP(2) (IC(50)Z20 nM), bisbivalent DNP(2)-

PEG(3350)-DNP(2) (IC(50)Z3 nM), and DNP(4)-dendrimer ligands (IC(50)Z50 nM) all effec-

tively inhibit cellular activation caused by multivalent antigen, DNP-bovine serum albumin. For

different DNP ligands, evidence is available for more effective inhibition because of preferential

formation of intra-IgE cross-links by bivalent ligands of sufficient length, self-association of mono-

valent ligands with longer tails, and higher probability of binding for bisvalent ligands. They also

showed that larger DNP(16)-dendrimers of higher valency trigger degranulation by cross-linking
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IgE-receptor complexes, whereas smaller DNP-dendrimers are inhibitory. Therefore, features of

synthetic ligands can be manipulated to control receptor occupation, aggregation, and inhibition of

the cellular response.
27.6.10 INCREASINGLY EFFECTIVE BORON NEUTRON CAPTURE THERAPY

A recent methodology in cancer treatment is the boron neutron-capture therapy (BNCT)

(Hawthorne 1993). In this therapy, the generation of cytotoxic and energetic products from

nuclear fission reactions of low-energy neutrons and 10B nuclei is used to destroy malignant

cells. An efficient agent for the therapy is water-soluble and has a high local density of boron

clusters, requirements that are met for several synthesized boron-containing and water-soluble

dendrimers. Qualmann et al. (1996a, 1996b) have, in addition, introduced antigen selectivity by

coupling a lysine-based boronated dendrimer to antibody fragments (Fab¢). In these agents, the

attachment of a poly(ethylene glycol)(PEG) moiety is necessary to keep the conjugates water-

soluble. The covalent nature of the boronated Fab¢ fragments leads to a better stability of these

conjugates as compared to, for example, borate-coated polystyrene beads.

Successful treatment of cancer by boron neutron capture therapy (BNCT) requires the selective

delivery of 10B to constituent cells within a tumor. The expression of the folate receptor is amplified

in a variety of human tumors and potentially might serve as a molecular target for BNCT. Shukla et

al. (2003) investigated the possibility of targeting the folate receptor on cancer cells using folic acid

conjugates of boronated poly(ethylene glycol) (PEG) containing third generation PAMAM dendri-

mers to obtain 10B concentrations necessary for BNCT by reducing the uptake of these conjugates

by the reticuloendothelial system. First, they covalently attached 12–15 decaborate clusters to third

generation PAMAM dendrimers. Varying quantities of PEG units with varying chain lengths were

then linked to these boronated dendrimers to reduce hepatic uptake. Among all prepared com-

binations, boronated dendrimers with 1–1.5 PEG(2000) units exhibited the lowest hepatic uptake in

C57BL/6 mice (7.2–7.7% injected dose (ID)/g liver). Therefore, two folate receptor-targeted boro-

nated third generation PAMAM dendrimers were prepared: one containing approximately 15

decaborate clusters and approximately 1 PEG(2000) unit with folic acid attached to the distal

end, and the other containing approximately 13 decaborate clusters with, approximately one

PEG(800) unit with folic acid attached to the distal end. In vitro studies using folate receptor

(C) KB cells demonstrated receptor-dependent uptake of the latter conjugate. Biodistribution

studies with this conjugate in C57BL/6 mice bearing folate receptor (C) murine 24JK-FBP

sarcomas resulted in selective tumor uptake (6.0% ID/g tumor), but also high hepatic (38.8%

ID/g) and renal (62.8% ID/g) uptake, indicating that attachment of a second PEG unit and/or

folic acid may adversely affect the pharmacodynamics of this conjugate.
27.6.11 IMPROVED MRI CONTRAST AGENTS

Macromolecules conjugated with polyethylene glycol (PEG) acquire more hydrophilicity, resulting

in a longer half-life in circulation and lower immunogenicity. Kobayashi et al. (2001) synthesized

two novel conjugates for MRI contrast agents from a generation-4 polyamidoamine dendrimer

(G4D), 2-(p-isothiocyanatobenzyl)-6-methyl-diethylenetriaminepentaacetic acid (1B4M), and one

or two PEG molecules with a MW of 20,000 Da (PEG(2)-G4D-(1B4M-Gd)(62) (MW: 96 kD),

PEG(1)-G4D-(1B4M-Gd)(63) (MW: 77 kD). Their pharmacokinetics, excretion, and properties as

vascular MRI contrast agents were evaluated and compared with those of G4D-(1B4M-Gd)(64)

(MW: 57 kD). PEG(2)-G4D-(1B4M-Gd)(62) remained in the blood significantly longer and accu-

mulated significantly less in the liver and kidney than the other two preparations (P!0.01).

Although the blood clearance was slower, PEG(2)-G4D-(1B4M-Gd)(62) was excreted more

readily without renal retention than the other two preparations. The positive effects of PEG
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conjugation on a macromolecular MRI contrast agent were found to be prolonging retention in the

circulation, increased excretion, and decreased accumulation in the organs.
27.7 CONCLUSIONS

Nanotechnology refers to the interactions of cellular and molecular components and engineered

materials—typically clusters of atoms, molecules, and molecular fragments—at the most elemental

level of biology. Such nanoscale objects—typically, though not exclusively, with dimensions

smaller than 100 nm—can be useful by themselves or as part of larger devices, containing multiple

nanoscale objects. At the nanoscale, the physical, chemical, and biological properties of materials

fundamentally differ, and often nanotechnology can change the very foundations of cancer diag-

nosis, treatment, and prevention. The novel nanodevices are capable of many clinically important

functions, including detecting cancer at its earliest stages, pinpointing its location within the body,

delivering anti-cancer drugs specifically to malignant cells, and in killing malignant cells. As these

nanodevices are evaluated in clinical trials, researchers envision that nanotechnology will serve as

multifunctional tools that will not only be used with any number of diagnostic and therapeutic

agents, but will also change the very foundations of cancer diagnosis, treatment, and prevention

(NCI 2004).

Such nanoparticulate carriers also include PEG conjugated dendrimers. These are globular,

hyperbranched polymers possessing a high concentration of surface functional groups and internal

cavities. These unique features make them very useful in many biomedical applications, especially

as carrier molecules. There are many such technological opportunities associated with the dendri-

mers. Starpharma-like companies used these dendrimers to build large active compounds that

present a polyvalent array to receptors, and others platform opportunities for the delivery of

small molecules as a toolbox for rational drug design and other nanotechnology applications in

life sciences. There are many product opportunities in dendrimers and their use such as with

VivaGele, a topical microbicide gel for prevention of HIV and other STDs in women. They can

act as novel chemotherapeutic agents, angiogenesis inhibitors, and they can be used for targeting a

range of tropical and exotic diseases and as bio-defense agents in addition to their use for targeting a

broad range of viral, respiratory, and cancer-like diseases in the future. Development of drug

delivery systems with low toxicity and low cost is the key to a nanaotechnological approach to

cancer treatment, including DNA-based concepts. Targeting the drugs to specific receptors

exclusively expressed by tumor cells also appears to be an approach worth exploring. This bio-

chemical approach is expected to pay rich dividends in the chemotherapy of cancer. Cytosol

survival of anti-cancer agents and folate receptor-based approaches also hold promise. Carbon

nanotubes offer yet another attractive possibility.
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28.1 COMPOSITE NANODEVICES

28.1.1 INTRODUCTION

Every year, the United States alone reports more than half a million cancer-related deaths and

approximately 1.3 million new cases.3 Cancer is customarily treated with drugs (extracts, synthetic

molecules, and/or biologic materials, e.g., proteins, antibodies, etc.). In an ideal case, the inter-

vening medication should only act at the disease site and influence only those mechanisms that are

causing the illness. Most of the unwanted side-effects are due to therapeutic materials that arrive at

unwelcome sites (cells, tissues, organs) and influence normal mechanisms in a wrong way.

Targeted drug delivery (without side effects) has been the ultimate goal of the treatment of diseases.

Living objects have developed mechanisms to interact and deal with molecules and organic or

inorganic materials (particles) introduced in the blood stream; there are filter organs and defense

systems to eliminate the unwanted ones and keep those that are useful.

Most of the anti-cancer drugs are cytotoxic—they kill cells. To use these in a clinical setting, it

is mandatory to minimize the side effects, i.e., eliminate cancer cells without compromising the

normal operation of other cells. The ongoing revolution in nanoscience and nanotechnology offers

novel ways to treat diseases. These man-made complex objects provide an opportunity to better

understand how the body works and simultaneously offer new ways of imaging and treatment.

Targeted nanodevices open up many new avenues for therapy and diagnosis of cancer.

Understanding biodistribution is a key to success for any medication. Biodistribution is

determined by the interactions between the properties of the medicine and the living biologic

system. Therefore, to ensure that a therapeutic material has only one concerted action at the

molecular level, molecules/particles/devices with identical properties are needed. Mixtures of

materials will have fractions with different properties, each with an individual biodistribution (of

which only an envelope is observed). Different fractions with differing properties of biodistribution

can lead to different actions. In simple terms, only identical particles will have a well-

defined biodistribution.

Because of these reasons, such materials need to be prepared that are composed of identical

molecules/objects, presenting identical properties. In other words, only identical nanodevices with

well-defined properties will have a defined biodistribution, making homogeneity (or, at least,

narrow distribution) a fundamental requirement for a successful and reproducible targeted delivery.

Nanoscience and nanotechnology encompass a broad range of areas with different degrees of

maturity, namely synthesis and controlled formation of nanostructures with a variety of specific

functionalities that are enabled by a widespread availability of tools to observe, characterize, and

manipulate at the nanoscale level. This is a cyclic and synergistic process; improved character-

ization (new methods, higher spatial resolution, and higher sensitivity) leads to a better

understanding of composition–structure–property relations that motivates better nanoparticle and

nanostructure fabrication and allows better control of size and placement that, in turn, stimulates

improved characterization.
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Properties of nanosized particles depend not only on composition, but also on size (diameter,

surface, volume), shape, structure, architecture, flexibility, conformations, etc. Materials composed

of nanoparticles are characterized not only by their individual properties, but also by the distri-

bution of those individual properties over a very large number of particles. To employ nanodevices

(nanosized multifunctional particles) in therapy and imaging, it is necessary to clearly understand

the relevant properties of the materials used, how the given biologic system works, and how

nanodevices interact with the biologic system.

To ensure the existence of these properties, appropriate characterization methods must be used

that provide information about relevant properties and their distributions, including nanoparticle

composition, size, shape, surface, and interior properties. At the nanoscale (1–100 nm), the surface-

to-volume ratios are very large, and surface forces (Coulomb interactions, hydrogen bonding, van

der Waals forces) greatly determine the characteristics of these devices and control the interactions

of these devices with biological systems.

Reproducibility of nanoparticle properties is necessary to observe a reproducible biodistribu-

tion that is key to successful therapy. (Presently, most knowledge of nanoparticles is based on

demonstrations of concept.)

Properties and biologic behavior of nanodevices are not yet completely understood, and

detailed chemical–material science–physics–biology studies are being performed to generate

more materials with appropriate properties and a better understanding in the future. Empiric

studies are necessary to uncover any unexpected properties of nanodevices.

Radiotherapy has been used for decades as standard cancer therapy in almost all forms of

cancers with varying degrees of success. One of the difficult challenges with radiation therapy is

the delivery of a lethal dose of radiation to the tumor while leaving the surrounding normal tissue

unharmed. Radioisotopes are often practically insoluble in water or body fluids, and they are rarely

used as elements. Typically radioisotopes are attached to an appropriate carrier molecule. Tumor-

directed antibody (or peptide) radiation therapy has been used to achieve this goal with limited

success. In this technique, the radiation emitter is attached to the targeting antibody or peptide,

often by a cage-type carrier, that is linked to the targeting molecule. The caged carrier can carry

only a limited number of radioactive atoms/molecules and usually requires a linker to prevent

destruction of the targeting molecule. This creates a fundamental limitation for the dose that can be

delivered per targeting molecule that may limit the ability to successfully treat solid tumors with

radioactive antibody approaches. For any targeted dose delivery approach, it has to be demonstrated

that the treatment will be effective if the dose is directly delivered to the tumor

Composites are physical mixtures or two or more components that display improved properties

in one or more areas as compared to their individual bulk constituents. They are widely used in

many diverse industries and form the basics of engineering plastics, structural adhesives, and

matrices. Nanocomposites can be defined as having at least one component with at least one of

their dimensions less than 100 nm. Therefore, nanocomposite properties will be strongly influenced

by extensive interfacial interactions between the components at the interphase, and the rule of

mixtures may fail to provide estimates of nanocomposite properties.

Guest–host nanodevices composed of therapeutic (or imaging) materials carried in micelles,

liposomes, polymeric nanocarriers, dendrimers, nanoemulsions, nanocomposites, etc., are a well-

studied class of multifunctional nanomaterials with several potential medical uses, including

targeted drug-delivery, cancer imaging, and therapy. Typically, the common feature in these

structures is that the carried material is not bound to the carrier with covalent bonds, but it is

constrained by physical forces. Composition, 3-D structure, and surface chemistry of the carrier are

critical parameters for targeted delivery. Charge and size of the nanodevices determine their in vivo

biodistribution, and thereby, the efficacy for imaging and therapies.

Composite nanodevices possess chemical and physical (spectral) properties, both the inorganic

and the organic components, and physical and biologic interactions of the nanoparticles with each

other and with the environment (solubility, biocompatibility, etc.) are dominated by the size, shape,
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and contact surface of the host. As a consequence, in hybrid composite nanodevices, a specific

nanoparticle property (e.g., radioactivity belonging to the inorganic guest) can be manipulated as if

it were a property of the organic host (e.g., dendrimer).

Targeted composite nanodevices are constructed by covalently binding targeting moieties to

the organic template that dominates the surface of the nanocomposite. The surface can be chemi-

cally modified with various substituents, including proteins to achieve the necessary organ/tissue

specificity and create targeted composite nanodevices. The interaction of these nanodevices with

the biologic environment (solubility, biocompatibility) is controlled by the contact surface of the

host molecule, i.e., by their size and surface properties. The separation of overall properties from

the surface chemistry (targeting, charge, and size) is a unique advantage in the optimization of these

nanodevices because properties of the components can be individually selected and optimized.4

Nearly monodisperse gold/dendrimer nanocomposites can be synthesized in various predetermined

sizes, and their interaction with biological objects may be adjusted by modifying their surface

properties. They can readily penetrate cells and are easy to observe by various methods.5 Composite

nanoparticles with either cationic, anionic, neutral, lipophilic, lipophobic, or mixed surfaces can be

created by encapsulating passive or active therapeutic agent(s) that adsorb or emit radiations,

respectively. Guests in radioactive nanocomposite devices may be metals or other compounds

containing isotopes of medical importance permitting imaging labels, (e.g., 125I, 3H) or radiation

therapy, for example, 198Au that can deliver b-radiation to tumors.

Using targeted nanodevices allows one to deliver various functionalities via a single biohybrid

nanoparticle, making these nanodevices a potentially attractive tool in radiation medicine. An

analysis of tumor type should allow for the selection and rapid immobilization of the appropriate

radioactive isotope in the pre-made template that can then be efficiently delivered to specifically kill

tumor cells with minimal collateral damage. The charge, size (i.e., surface chemistry), composition,

and 3-D structure of these nanoparticles are critical in determining their in vivo biodistribution, and

therefore, the efficacy of nanodevice imaging and therapies.

Some of the fundamental problems that can be overcome by the use of targeted composite

nanodevices are solubility and dose delivered. First, many radioisotopes are often practically

insoluble in water or body fluids, but they may become readily available in nanocomposites, i.e.,

in different sizes, contents, and surfaces. Second, use of composite nanodevices permits at least a

log-fold higher delivery of radioactivity than that available with current radioactive antibody

therapies. As opposed to labeled antibodies, at least 1–1000 radioisotope nuclei can be encapsulated

in one nanocomposite device 6. Therefore, radioactive nanocomposite particles will be able to

deliver therapeutic dose amounts to tumor cells. (Recent data indicate that even one radioactive

alpha-particle decay could trigger cell death if it occurs in the cell.)7

The specific advantage of the targeted dose delivery by composite nanodevices approach over

intracellular drug delivery or simple diffusion of drug into cells is that cell surface delivery is

sufficient and no internalization is needed. As the specific activity of one composite {198Au}

nanodevice is extremely small (in the range of 1E-15 Ci/nanoparticles, i.e., 3.7E-25 Bq/nano-

particle), single particles delivering b-radiation at the cell surface (low-level non-specific uptake

by T-cells) are harmless, but concentrations above a certain critical level (i.e., when large number

of particles are delivered to specific cells or tissues) can be therapeutic.

Practically, for any targeted delivery approach, it has to be demonstrated that the treatment is

effective if the therapeutic material accumulates in the tumor. These conceptual experiments must

be followed by biodistribution studies and the optimization of devices.

In a proof-of-concept research, {198Au} nanodevices were tested, but conceptually, a number of

other nuclides with the desired specific activity could be used (allowing the use of gamma, beta,

alpha, or combinations of these radiations in the future). As gold is non-toxic and the hot and cold

gold isotopes are chemically identical, biodistribution studies may conveniently be done with

nanocomposites containing non-radioactive gold.
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28.1.2 DENDRIMERS

The term dendrimer may refer to a mathematical structure, a chemical structure of a single

molecule of a certain class of macromolecules, or to a certain material (usually a product of a

specific synthesis procedure)8,9 (Figure 28.1). A dendrimer material is typically a mixture of very

similar polymer molecules.

A number of characteristic general properties of dendrimers can be concluded from the

dendritic structure itself as a result of symmetry and maximal degree of branching. These charac-

teristics are the function of the core structure, the connector length, the degree of branching, etc.,

and they appear in all the families (for example, the tendency of dendrons to move in a concerted

fashion).10–13

Dendrimer molecules are symmetric molecules with possible molecular masses of up to several

million daltons (i.e., dendritic structures built from atoms) that contain connectors and branching

units composed of repetitive shell structures around a core following a predefined molecular motif.

Dendrimer molecules always have specific chemistry and specific properties.

There are many ways to construct polymer molecules with dendritic architecture, depending on

which part of the macromolecule is dendritic (and what different authors consider to be a

dendrimer). To date, more than 200 various dendritic structures have been reported in the literature.

The major synthesis strategies are the divergent route that leads to higher yields with lower

dendritic purity.14 Convergent strategies15 usually result in more uniform molecules but with

lower overall yields (a great number of other strategies have been also reported). Dendrimer

molecules are well-defined and highly symmetrical molecules containing a large number of regu-

larly spaced internal and external functional groups. (Dendritic molecules are built to maximize

symmetric branching.) As a result, the interior of a dendrimer may considerably differ from its

exterior and may be hydrophilic or hydrophobic, depending on the design and synthesis route.

Constructing a dendritic network from atoms necessarily invokes specific properties because

the atoms themselves have specific properties. Dendrimer families contain a certain group of

molecular motifs (PAMAM, PPI, polylysine dendrimers, polyether dendrimers, polyacetylene

dendrimers, etc.). They are synthesized on different synthetic principles and use different routes;

therefore, they have different chemistries. Dendrimer families may be very different.

Generations and their subclasses. Within any families there are low, high, and middle gener-

ation dendrimers. Molecules of low generation dendrimers (LGD) structurally are relatively small

organic molecules with fully flexible loose networks and with a few interactive sites (e.g., the
FIGURE 28.1 (a) Dendritic structure (three-functional core, bifunctional branching, persistent angles) and a

computer model of an ideal PAMAM dendrimer molecule (b). (The left panel has been reproduced from

Bielinska, A., Eichman, J. D., Lee, I., Baker, J. R., and Balogh, L., J. Nanopart. Res., 4, 395–403, 2002. With

permission.)
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chemical accessibility of the functions are roughly equal). High generation dendrimers (HGD) are

essentially highly charged organic nanoparticles where the accessibility of surface groups is much

higher than of the interior. These organic nanoparticles have a well-defined generational size and a

persistent surface, properties that may be quite different from its interior. Medium generation

dendrimers (MGD) are transitional and may display properties of both groups.

A dendrimer material is typically a mixture of very similar polymer molecules as only perfect

reactions (complete conversion with 100% yield) or perfect purification would lead to perfect

structures in the consecutive synthesis steps. Consequently, practical dendrimer materials are

oligomers or macromolecules with narrow polydispersity, and they always contain molecules

with imperfect structures. However, the high level of synthetic control and effective purification

between the synthesis steps allows the synthesis of defined polymers with very low polydispersities.

Material properties are usually different for different generations; for example, in viscosity

measurements, LGD materials can be described as draining networks, whereas HGD materials

behave as ideal Newtonian fluids. There may be measurable differences between batches of indi-

vidually manufactured or synthesized dendrimer materials; therefore, one must be very careful to

generalize experimental results to the class of dendrimers. Dendritic properties of a given material

can neither be assessed nor evaluated without taking into account the family, generation, compo-

sition, various properties, and their distribution (Figure 28.2).

Polyionic water-soluble dendrimers are those where tertiary nitrogen provides the branching.

Poly(amidoamine) (PAMAM) dendrimers contain beta-alanine subunits and can be synthesized to

be biofriendly.16–19 They are well characterized and are also commercially available. PAMAM

dendrimer molecules undergo changes in size, shape, and flexibility as a function of increasing

generations (from a small branching molecule at generation 0–2 (LGD) through flexible macro-

molecules (MGD: G3, G4, G5–G6) to dense organic particles behaving as hard spheres at

generations seven and above) (Figure 28.2). Branching structure of MGD and HGD PAMAMs

can efficiently entrap therapeutic molecules.20–22 They have been used as delivery vehicles for

oligonucleotides and antisense oligonucleotides and as probes for oligonucleotide arrays.23,24

PAMAM dendrimers are not broken down by enzymes in vivo and generally are removed from

the bloodstream by the filter organs.25–27

Diversities that exist in dendrimer materials are of generational, skeletal, and/or substitutional

origin. It is common that traces of various generations are present in materials (Figure 28.3a, peaks

A–B–C in SEC-MALLS); the individual molecules may or may not be perfectly dendritic (see:

skeletal diversity), and less than complete substitution of the end groups results in slightly different

substitutions on the individual molecules (because of the random nature of chemical reactions, i.e.,
FIGURE 28.2 Size and shape of ethylenediamine core PAMAM dendrimers as a function of generation (fully

protonated structures in water, i.e., maximally extended conformations). Dendritic polymers provide a multi-

functional surface with a variable size and tunable compatibility. (Reproduced from Bielinska, A., Eichman, J.

D., Lee, I., Baker, J. R., and Balogh, L., J. Nanopart. Res., 4, 395–403, 2002. With permission.)

q 2006 by Taylor & Francis Group, LLC



1.2

0.8

0.6

0.4

0.2

0

–0.2
30 31 32 33 34

Time (min)

C A

B LS
LV
RI

R
el

at
iv

e 
sc

al
e

R
el

at
iv

e 
sc

al
e

35 36 37 38
–10

0 5 10 15 20
Time/min(b)(a)

25 30 35

10

20

30

40 10.54 min
E5.NH250

60

0

1

FIGURE 28.3 (a) Size exclusion chromatogram (SEC-MALLS) showing mass (MnZ28,940) and polydis-

persity (PDIZ1.067) A: G4 trailing generation; B: G5 main component; C: dimers of G5 present in the

material; and (b) a capillary electropherogram (CE) illustrating the almost identical charge/mass ratio for an

actual ethylenediamine core primary amine-terminated generation five PAMAM dendrimer material.

Dendrimer Nanocomposites for Cancer Therapy 557
substitutional diversity).28 The most important properties of dendrimers are mass and charge

(Figure 28.3). In case of HGD (e.g., GO6 in the case of PAMAMs) that are dense-packed,

contribution to the surface may be solely due to terminal groups. In the more open structures of

lower generations, other functional groups also contribute in an increasing fashion as the genera-

tional number decreases.

Dendrimers have a very rich synthetic chemistry describing how molecules with dendritic

architectures can be synthesized and/or modified (to date, more than 5000 papers have been

published on dendrimers).8,9 Large dendritic structures may be synthesized by reacting dendrimers

as building blocks (e.g., as core and shell reagents) with each other (Figure 28.4). These molecules

have been termed tecto-dendrimers.21,29,30

Among other means, PAMAM dendrimers have been proposed as versatile vehicles of drug

transport to specific organs and tissues because of their unique external and internal functionalities

that can be altered according to need. These spherical macromolecules have modifiable surface

functionalities offering a versatile mode to covalently attach drugs, diagnostic/imaging modules,

and/or targeting moieties, and they allow the control of effective surface charge. However, the

expensive starting materials, the required multistep synthesis, and subsequent characterization of

the multifunctional nanodevices often present a serious challenge.31 This complexity may be
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considerably simplified using hybrid composite nanoparticles templated by monodisperse dendri-

mers (Figure 28.5).

Polyionic dendrimers are close to being optimal templates for these composite nanoparticles

because the better the templates, the more homogenous the resulting composite particles become.

PAMAM and PPI can interact with a wide variety of ions and in situ synthesized compounds.32–38

These tertiary nitrogens act as focal points for pre-orientation either of cations to coordinatively

bind through donor–acceptor interactions of the lone electron pair or of anions that can electro-

statically bind to the positive charge of the protonated –NZ ligands. Multiple binding within the

large molecule (a nanoscopic size pseudo-phase) also contributes to the unusually strong binding

and high binding capacity.39,40 Therefore, using PAMAM dendrimers as templates, the pre-orien-

tation and dispersion of the inorganic components are controlled by the appropriate dendritic

polymer host32,34,35and the size, size-distribution, shape, and surface of the resulting composite

particle can be designed. Countless combinations are possible between metal cations or anions

and dendrimers, but examples will be limited to aqueous solutions of generation (g4–g6) ethyle-

nediamine core poly(amidoamine) (PAMAM) dendrimers and gold in the form of complex

[AuCl4]K (tetrachloroaurate) anions.41,42

28.1.3 TOXICITY

Dendrimer biocompatibility and toxicity have been recently reviewed, and details can be found in

the literature.16 Briefly, in in vitro experiments, it was observed43 that amine-terminated G5

PAMAM dendrimers decreased the integrity of the cell membrane and allowed the diffusion of

cytosolic proteins out of the cell and dye molecules into the cell. Although neither G5 amine- nor

acetamide-terminated PAMAM dendrimers were cytotoxic up to 500 nM concentration, the dose

dependent release of the cytoplasmic proteins lactate dehydrogenase (LDH) and luciferase (Luc)

indicated the presence of holes. The induction of permeability caused by the amine-terminated

dendrimer was not permanent, and leaking of cytosolic enzymes returned to normal levels upon

removal of the dendrimers. Diffusion of dendrimers through holes is sufficient to explain the non-

specific uptake of positively charged PAMAM dendrimers into cells and is consistent with the lack

of uptake of neutral surface PAMAM dendrimers.

28.1.4 GOLD AND RADIOACTIVE GOLD

Noble metals, especially gold, have many applications in optical and biological sciences as a result

of their stability. Metallic gold is usually produced by reduction using Na-citrate, citric acid,
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hydrazine, hydrogen, or electrochemical deposition, and the color of these particles is the function

of size and shape of the metal domains formed.44

Gold-based therapeutic agents have been recently reviewed.45 Gold nanoparticles46 and nano-

shells47–49have recently been successfully tested for photothermal therapy of cancer. Radioactive

gold has been approved by FDA for radiation treatment and the use of 198Au colloids for cancer

therapy has already been attempted in the 1950s.45,50–52 Radioactive 198Au is used in interstitial

brachytherapy for treatment of prostate cancer, initially in the form of gold colloids (micron-sized

particles),53 and later with seed technique.54

With biopsy results approaching a negative rate of 80%, and at five years, a cancer specific

survival of 100% for Stages A and B1, 90% for Stage B2, and 76% for Stage C, this form of

treatment offers an effective and well-tolerated alternative mode of therapy for patients with

localized prostate cancer. Present evaluation of the accumulated Au(0) related biodistribution

data is almost impossible because of the partial or full lack of reliable particle characterization

describing size and/or surface properties 51,52 and literature thereof.

Use of radioactive gold cluster immunoconjugates (containing 11–33 Au atoms) was reported

in the early 1990s, but because of the cumbersome preparation and insufficient delivered dose, the

research was discontinued.55 Recently, 30–34 nm multifunctional, TNF-conjugated gold nano-

particles were prepared and tested for targeting solid tumors in mice.36,41,56,57
28.1.5 DENDRIMER NANOCOMPOSITES

Dendrimer templated nanocomposites are synthesized by reactive encapsulation.58,59 According to

the general concept of DNCs,32 precursors to a desired product are pre-organized by an appro-

priately selected dendrimer in the first step. This pre-organization is followed by in situ chemical

reaction(s) or physical treatment (irradiation, etc.) that generates reaction products immobilized in

the nanoscopic size dendrimer molecules (Figure 28.5). This procedure yields dispersed small

domains of guest molecules that are integrated with the dendrimer molecule(s) without creating

covalent bonds between the dendrimer and the topologically entrapped matter. Dendrimer

templated nanocomposites may be constructed with flexible architectures and in

variable compositions.

Structure of nanocomposite particles was found to be the function of the dendrimer structure

and surface groups as well as the formation mechanism and the involved chemistry. Based on the

locality of the guest atoms, three different types of single nanocomposite architectures have been

identified such as internal (I), external (E), and mixed (M) type nanocomposites where the inorganic

matter either entrapped in the interior, in the exterior, or in both part of the dendrimer, respectively.

Dominant properties of the composite nanoparticles approach the dendrimer properties with

decreasing M/D ratios (i.e., with the molar ratio of the inorganic reactants and the organic

template). Stable internal structures form when medium and high generation polyionic dendrimers

with a weak binding periphery are employed with proper chemistry and at relatively low metal/-

dendrimer ratios. (In this case, the inorganic domains are located in the interior of the dendrimer

templates.) Single composite nanoparticles may be used as building blocks in the synthesis of

nanostructured materials and devices. Details of experimental procedures and analytical techniques

can be found in previous studies.41

Dendrimer nanocomposites can be constructed in precise sizes and well-defined surfaces with

various covalently attached targeting moieties and with variable content. DNCs display stability

and robustness in addition to properties represented by their individual components as a result of the

molecular level’s mixing of uniform macromolecules and nanoparticles. The unique advantage of

this approach is that host and guest components can be separately selected, developed, and

optimized. As a result of various synthetic options, the interior and/or the exterior of the host

can be cationic, anionic, or non-ionic, depending on their termini and interior functionalities and

the pH.
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FIGURE 28.6 Scheme of assembling templates and synthesis of nanocomposites of well-defined sizes and

surfaces (a) and TEM image of an {Au} nanocomposite single particle and a dimer of {Au-PAMAM}n multi-

particle (b). (Reproduced from Bielinska, A., Eichman, J. D., Lee, I., Baker, J. R., and Balogh, L., J. Nanopart.

Res., 4, 395–403, 2002. With permission.)
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Preparation of modular composite structures is possible either (a) by the synthesis of modular

templates from simple dendrimer molecules (i.e., using tecto-dendrimers), or alternatively, (b)

synthesizing of modular nanocomposites from single nanocomposite units. Variation of nanocom-

posite size is possible by using larger templates such as tecto-dendrimers or by combining existing

nanocomposite particles. Alternatively, the size of nanoparticles may also be varied by reacting the

surface of premade nanoparticles (Figure 28.6a and Figure 28.6b). Stable internal composite

structures cannot be formed using linear macromolecules, only from dendrimers. This is the sub-

structure that has great potential in combining the properties of organic and inorganic materials for

biomedical applications. For these nanocomposite structures, the particle surface is supplied by the

macromolecule; therefore, the solubility and surface compatibility of the nanocomposite particles is

very similar to the template dendrimer macromolecules (Figure 28.7). These DNC structures are

most frequently amorphous or nearly amorphous.60

Radioisotopes are often practically insoluble in water or body fluids; however, the nanocom-

posites are soluble in different sizes, contents, and surfaces. An analysis of tumor type should allow

for the selection of a targeter, allowing rapid immobilization of the appropriate radioactive isotope

in the pre-made template. Targeted composite nanoparticles can then be efficiently delivered to

specifically kill tumor cells with minimal collateral damage.

As a basis for a future targeted 198Au-based image-guided therapy, the effects of size and

surface charge on the in vivo biodistribution, excretion, and toxicity of gold/dendrimer
FIGURE 28.7 (a) Computer simulation of a dendrimer nanocomposite; (b) HRTEM of a gold nanocomposite

particle containing 14 Au atoms. (Reproduced from Khan, M. K., Nigavekar, S. S., Minc, L. D., Kariapper, M.

S., Nair, B. M., Lesniak, W. G., and Balogh, L. P., Technol. Cancer Res. Treat. 4(6), 603–613, 2005. With

permission.)
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nanocomposites in a mouse melanoma tumor model system were studied. The nanodevices tested

include 5 and 22 nm primary amine surface, 5 nm carboxylate surface, and 11 nm carboxylate

surface gold/dendrimer nanocomposites that display positive and negative surface charges at bio-

logical pH values. Gold nanocomposites offer the high electron density and radioactivity of the

immobilized gold atoms, and the interactions of the composite particle with the surrounding

biologic environment are determined by the surface. Biologic fate can be influenced by increasing

or decreasing the number and/or strength of interacting forces on the nanparticle surface by chan-

ging the number and character of the dendrimer terminal groups.
28.1.5.1 Synthesis of Gold/Dendrimer Nanocomposites

To synthesize gold/dendrimer composite nanodevices in nearly uniform sizes and with close to

identical properties, polyionic PAMAM dendrimer templates with low (4–10) M/D ratios were

used. This method leads to well-controlled and uniform composite particles. The product is a

synthetic dendrimer-dominated material that is water-soluble and stable. These hybrid nanoparti-

cles have tunable properties; they can be made to be non-immunogenic, and they are similar in size

to fundamental proteins present in the blood.61

Synthesis of {Au(0)} gold/dendrimer composite nanoparticles from dendrimer templates

(Figure 28.5) involves two synthesis steps: (a) forming a PAMAM-tetrachloroaurate salt, and (b)

the transformation of [AuCl4]K through Au3C ions to Au(0). Hydrolysis of [AuCl4]K is a complex

process62 and easily occurs in aqueous solutions of PAMAMs as the nitrogens neutralize HCl, the

hydrolysis byproduct. Reduction is usually performed either by adding external reducing agents

(N2H4 or NaBH4)41,57 or utilizing the reductive nature of terminal groups of PAMAMs.63

In the two extreme cases, (depending on the reaction conditions) the dendrimers may either

encapsulate the colloidal gold,57 or alternatively, gold nanocrystals may grow in the interior of the

PAMAM molecules.6 Reduction of Au3C ions by the PAMAM itself may be accelerated by

applying UV-irradiation.64 The usual size of dendrimer templated nanocomposite particles is

dZ3–10 nm, depending on the size of the template, the gold/dendrimer ratio, and the type of

the composite particle.41,65 Smaller (LGD) PAMAMs provide larger, multiparticle composites

because of their open structures, whereas for MGD and HGD (G5–G9) PAMAMs and at low

metal/dendrimer ratios, the composite particles preserve the size of the template.66,67

Controlled fabrication of large nanocomposite particles requires large templates. Synthesis of

positively charged large (dO10 nm) PAMAM dendrimer structures, (e.g., generation 9 PAMAM

with an MnZ467,000 and dZ11.4 nm) the routinely used divergent route requires several

months. The multi-step synthesis and purification (altogether 18 step for G9) results in expensive

(presently $16,500/g), materials.68 Applying tecto-dendrimers69–71 as templates is a more favorable

approach, but tecto-PAMAMs can provide only methylester or carboxylate terminated (i.e., nega-

tively charged) composite nanoparticles.

It has been found that neutron/gamma irradiation also induces elemental gold formation in

aqueous solutions or gels (submitted for publication). A novel and simple procedure to fabricate

{(198Au(0)n-PAMAM}C positively charged radioactive gold nanocomposites in dZ10–30 nm

sizes directly from PAMAM tetrachloroaurate salts or dZ5 nm {Au(0)n-PAMAM_E5.NH2}kC

nanocomposites by simultaneously utilizing both the neutron and gamma-radiation have been

devised and developed. This method was used to fabricate positively charged radioactive gold

nanocomposites in sizes between 10 nm and 30 nm, also to be used as dose delivery agents (Nano

Letters, 2006, submitted).

Particle size, mass, and charge of dendrimer nanocomposites may be very similar to their

templates. Shown in Figure 28.8 is the PAGE electropherogram of different generations of

amine-terminated dendrimer templates and the corresponding dendrimer nanocomposites. These

Au-nanocomposites were templated by polycationic (amine terminated) PAMAM dendrimers of

different generations with the same molar ratio of nitrogen ligand/gold atom and were characterized
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FIGURE 28.8 PAGE electropherograms of several polycationic PAMAM dendrimer templates and their

corresponding gold-dendrimer nanocomposites. Observe the similarity between the movement patterns of

the dendrimer templates and the nanocomposites, indicating similar charge/mass ratios for the templates

and the gold nanocomposites (D nitrogen ligand/Au ratioZ4.5–5.2). (Reproduced from Khan, M. K., Niga-

vekar, S. S., Minc, L. D., Kariapper, M. S., Nair, B. M., Lesniak, W. G., and Balogh, L. P., Technol. Cancer

Res. Treat. 4(6), 603–613, 2005. With permission.)
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after a prolonged storage, i.e., in thermodynamic equilibrium. The amine-terminated gold-

dendrimer nanocomposites and their respective dendrimer templates all display very similar

migration patterns. (Au-nanocomposites display somewhat lower electrophoretic mobility probably

because of the slightly higher mass of the composite particles.)65

In any case, using a good quality template is essential for success. Templates can ease the

difficulty of defining size and shape, but the quality of the product will be determined by

the template’s precision. In short, the product cannot be better than the template and the procedure

used. In an ideal case, one would have a perfect template and a subsequent perfect procedure to get

a homogenous and uniformly sized nanomaterial of a predefined shape. Any imperfection in the

template or the procedure results in a broadening distribution of composition and geometry (and,

subsequently, of the properties) in the product.
28.1.5.2 Characterization of Dendrimer Hosts and Gold Nanocomposites Used in
Biodistribution Experiments

Determination of fundamental properties (composition, size, and charge) is vital for reproducibility

prior to initiating any biological experiment. A variety of analytical techniques to were applied to

investigate the purity, properties, and structural characteristics of dendrimer hosts and host-guest

nanocomposites, including polyacrylamide gel electrophoresis (PAGE), capillary electrophoresis

(CE),72 size exclusion chromatography (SEC), and HPLC,73,74 UV–visible and fluorescence

spectrophotometry, acid–base potentiometric titration, mass spectrometry (ESI-MS and MALDI-

TOF techniques), and various NMR techniques.65,75,76 (available at www.mrs.org).77 Gold/dendrimer

nanocomposites have been characterized by UV–visible and fluorescence spectrophotometry,

NMR, DLS (dynamic light scattering), and TEM. Particle structure of the neutron-irradiated

gold nanocomposites have also been studied (after isotope decay) by methods described above

in order to evaluate the effect of direct activation on the stability of the polymer host.4,42,61
28.1.5.3 Fabrication of Nanocomposite Devices for Biologic Experiments

In these studies, non-targeted and folic acid targeted hosts were synthesized and characterized (i.e.,

dZ5 nm) 3H labeled PAMAM dendrimers with positive and neutral surface charges in normal and
q 2006 by Taylor & Francis Group, LLC
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TABLE 28.1
Molecular Characteristics of Polyanionic PAMAM Dendrimer Templates

PAMAM E3.SAH E5.SAH E5(E3.SAH)9

Mwa 10,109 41,626 147,542

Mnb 6300 38,400 152,200

Mwb 9790 38960 182,100

Polydispersityb 1.022 1.045 1.196

Theoretical no. of COOH groupsa 32 128 256

Practical no. of carboxylate groupsc 30.6 113.2 296

Charge/mass (mol/g)a,d K3.18!10K3 K3.08!10K3 K1.74!10K3

Charge/mass (mol/g)b,c K3.32!10K3 K2.90!10K3 K1.94!10K3

a Theoretical molecular weight assuming complete conversions.
b As measured by SEC at pH 2.74.
c Measured by potentiometric titration.
d As measured by CE.
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tumor tissues to examine the biodistribution and the toxicity. Then, gold nanocomposites with

different surface charges and in different sizes were prepared and studied.

The combined analytical results and properties of the PAMAM dendrimers used as templates

are presented in Table 28.1 and Table 28.2. Details of template synthesis and characterization are

described in the literature.

Zeta potential measurements of {(Au0)9-PAMAM_E5.(NH2)110} in aqueous solutions

confirmed that these nanoparticles are positively charged, indicating that the terminal amines

can still be protonated after the formation of the nanocomposites. The net charge of amine-terminated

dendrimers and their Au-nanocomposites was compared by PAGE and proved to be similar to their

corresponding templates in the pHZ8.3 running buffer.65
TABLE 28.2
Molecular Characteristics of Polycationic PAMAM Dendrimer Templates

Dendrimer E3.NH2 E5.NH2

Mna 6909 28,826

Mnb 6648 27250c

Diameter a (nm) 3.6 5.4

Theoretical no. of NH2 groups a 32 128

Total no. of N ligands a 62 254

Charge/Mw ratiod(C/g) 8.973 !10K3 8.811 !10K3

Average no. of –NH2 groupsb 26.3 120c

Total average no. of –NZ ligands b 54 238c

Charge/Mw ratiob (C/g) 8.12 !10K3 8.73 !10K3

a Theoretical values.
b Practical values determined from titration and GPC measurements.
c Literature data.
d Assuming theoretical values and full protonation.
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28.1.5.4 Synthesis of Tritium Labeled Dendrimers

Earlier biodistribution studies of PAMAM dendrimers have been carried out with full generation

PAMAM dendrimers that were radiolabeled by partially quaternizing the primary amine termini

using 14C, containing methyl iodide or 125I labels.17,78 Because these radiolabeled macromolecules

carry permanent positive charges, this labeling procedure results in a mixture of products where the

labeled molecules are chemically different from the unmodified population of dendrimers. The

iodine-labeling procedure may lead to data where the distribution of radiolabeled materials is

different from the overall distribution of the nanoparticles.

Labeling of dendrimers by 3H allows proper and accurate quantification of the PAMAM

derivatives for the true in vivo biodistribution as a function of time because the labeled molecules

are chemically identical with the unlabeled dendrimers. Regulation of surface charge with simul-

taneous labeling with tritium was achieved via acetylation by partially or fully reacting terminal

primary amine groups of the PAMAM molecules. This synthetic step reduces the in vivo toxicity

associated with the polyamine character (the terminal primary amine groups are positively charged

at biologic pH values) and provides stable labels for the dendrimers. Increasing the degree of

acetylation decreases the surface net positive charges; the fully acetylated generation five

PAMAM displays about C5 mV zeta potential as opposed to C40 mV measured for the

primary amine functional PAMAM_E5.NH2.

The biodistribution of the fully acetylated dendrimer (NSD, Neutral Surface Dendrimer) and a

partially acetylated one that has a partially positive surface charge have been compared. (The term

of positively charged refers to the surface character in dilute aqueous solutions at biologic pH.)
28.1.5.5 Folate-Targeted Devices

Briefly, partially acetylated PAMAM was conjugated to folic acid as a targeting agent, and the

remaining primary amines were capped using tritium labeled acetic anhydride. These conjugates

were intravenously injected into immunodeficient mice bearing human KB tumors that over-

express the folic acid receptor. In contrast to non-targeted polymer, folate-conjugated nanoparticles

concentrated in the tumor and liver tissue over fours days after administration. The tumor tissue

localization of the folate-targeted polymer could be attenuated by prior i.v. injection of free folic

acid. Using fluorescein labels instead of tritium labels, confocal microscopy was also used to

confirm the internalization of the conjugates into the tumor cells. PAMAM dendrimers substituted

with folic acid and methotrexate increased its anti-tumor activity and markedly decreased its

toxicity, allowing therapeutic responses not possible with a free drug.79
28.1.5.6 Gold Composite Nanodevice Synthesis

The {Au} gold/dendrimer composite nanodevices described below have been fabricated using four

methods:

1. By reactive encapsulation of gold in commercial (primary amine terminated and

carboxylate terminated) PAMAM templates;

2. By performing post-synthetic modification on the surface groups of the {Au} gold

nanocomposites;

3. By reactive encapsulation of gold in carboxylate functional PAMAM tecto-dendrimer

templates; and

4. By radiation polymerization of {Au} nanocomposites (Table 28.3).

Method 28A1 fðAu0Þ9:08 KPAMAM_E5:ðNH2Þ120g
C
dZ5 nm, for short: fAuð0ÞgCdZ5 nm, i.e., dZ

5 nm amine surface gold/dendrimer nanocomposite (positively charged at pHZ7.4).
q 2006 by Taylor & Francis Group, LLC



TABLE 28.3
Summary of Nanodevices and Notations

Description Full Annotation Acronym

PSD PAMAM_E5:ðNH2Þ44ðNHCOCH�3 Þ66 E5.(NH2)(NHOAca)

NSD PAMAM_E5:ðNHCOCH�3 Þ110 E5.OAca

Targeted NSD PAMAM_E5:ðNHCOCH�3 Þ104ðFAÞ6 E5.OAca-FA

Neutral surface 5 nm gold CND fðAu0Þ9:08 KPAMAM_E5:ðNHCOCH3Þ120g
C
dZ5 nm fAuð0Þg0dZ5 nm

Positive surface 5 nm gold CND fðAu0Þ9:08 KPAMAM_E5:ðNH2Þ120g
C
dZ5 nm fAuð0ÞgCdZ5 nm

Negative surface 5 nm gold CND fðAu0Þ6:45 KPAMAM_E4:5ðCOOHÞ60g
K
dZ5 nm fAuð0ÞgKdZ5 nm

Negative surface 11 nm gold CND fðAu0Þ60:09 KðPAMAM_ððE5ÞðE3:ðCOOHÞ296ÞÞ

gKdZ11 nm

fAuð0ÞgKdZ11 nm

Polymerized PCNDb fðAu0Þ5:7 KE5:ðNH2Þg
C
87; dZ22:2 nm and radioactive fðAu0Þ5:8g

C
dZ22 nm

f198ðAu0ÞKE5:ðNH2Þg
C
87; dZ22:2 nm f198ðAu0ÞgCdZ22 nm

Polymerized PCNDb fðAu0Þ5:7 KE5:ðNH2Þ
C
209; dZ29:7 nmg and fðAu0Þ5:7 KE5:ðNH2Þg

C
dZ29:7 nm

f198ðAu0ÞKE5:ðNH2Þg
C
209; dZ29:7 nm f198ðAu0ÞKE5:ðNH2Þg

C
dZ29:7 nm

PSD: Positive Surface Dendrimer; NSD: Neutral Surface Dendrimer; Ng: Negative; CND: Composite Nanodevice

a Denotes radioactivity.
b Numbers of primary particles have been calculated from volume, assuming full space-filling.
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The dZ5 nm positive nanodevices (Figure 28.7) were fabricated from PAMAM dendrimers

and HAuCl4 as previously described.5,36 Briefly, solution of HAuCl4 in methanol was added drop-

wise to a methanol solution of PAMAM dendrimer (MnZ26,000, functionalityZ120), resulting

in a yellow solution of the tetrachloroaurate salt of the PAMAM dendrimer with a gold/dendrimer

ratio of Au/DZ9.08), i.e., [PAMAM_E5.(NH2)120)(AuCl4)9.08]. The resulting yellowish solid was

redissolved in water that then resulted in hydrolysis of the complex and led to nanocomposite

formation (composite gold content Z 6.44%). (Positive composite nanodevice,

PCND)(Figure 28.9).

Method 28A2 fðAu0Þ6:45 KPAMAM_E4:5ðCOOHÞ60g
K
dZ5 nm, for short: fAuð0ÞgKdZ5 nm, dZ5 nm

carboxylate surface gold/dendrimer nanocomposite (negatively charged at pHZ7.4)

Briefly, methanol solution of HAuCl4 was added drop-wise to an aqueous solution of gener-

ation 4.5 PAMAM dendrimer (MnZ26,258, functionalityZ60), resulting in a red solution of the

correspondent dendrimer nanocomposite (Au/DZ 6.45). (Composite gold contentZ4.41%)

(Negative composite nanodevice, NgCND).

Method 28B. Acetylation of the fAuð0ÞgCdZ5 nm amine surface material, resulted in

fðAu0Þ9:08 KPAMAM_E5:ðNHOCCH3Þ110g
0
dZ5 nm, for short: fAuð0Þg0dZ5 nm, an acetamide surface

dZ5 nm gold/dendrimer nanocomposite that is nearly neutral at pHZ7.4 (neutral composite

nanodevice, NCND).

Method 28C. The ðAu0Þ60:09 KðPAMAM_ððE5ÞðE3:ðCOOHÞ296ÞÞ
� �K

dZ11 nm, for short:

fAuð0ÞgKdZ11 nm, i.e., the dZ11 nm carboxylate surface (negatively charged at pHZ7.4) gold/den-

drimer nanocomposite was synthesized from PAMAM_E5(E3.COOH)9, a succinamic acid-

terminated tecto-dendrimer (see Table 28.1). Briefly, methanol solution of HAuCl4 was added

drop-wise to an aqueous solution of PAMAM_E5(E3.COOH)9 tecto-dendrimer (MnZ120,000,

functionalityZ296), resulting in a red solution of the corresponding dendrimer nanocomposite

(Au/DZ60.09; composite gold contentZ8.94%).

Method 28D. Positively charged dO10 nm dendrimer nanocomposites were made from gener-

ation three and generation five templated nanocomposites by simultaneously exposing them to

gamma and neutron radiation in a nuclear reactor above Tg, the glass transition temperature of
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FIGURE 28.9 TEM of single {(Au(0)nKE5 NH2} particles (marked with arrows) and various nanocomposite

aggregates formed during sample preparation. (Reproduced from Balogh, L., Bielinska, A., Eichman, J. D.,

Valluzzi, R., Lee, I., Baker, J. R., Lawrence, T. S., and Khan, M. K., Chim. Oggi (Chem. Today), 20 (5), 35–40,

2002. With permission.)
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the polymers, (for PAMAMs TgZ20–35 C). Under these conditions, the neutrons activate the

trapped gold metal clusters in the {(Au0)5.76} primary composite nanoparticles, and the gamma-

radiation cross links the organic network. Irradiation times were varied from 30 min to 3 h. Level of

activation of 197Au within the allowable degree of polymerization of the dendrimer host was

controlled by setting the neutron irradiation time and limiting the gamma dose by led filters.

Gold (197Au) captures neutrons very efficiently because of its large cross-section. 198Au (t1/2Z
2.69 days) decays predominantly by beta-radiation (99%, 0.96 MeV) with a small gamma com-

ponent (0.98%, 1.1 MeV) into a stable 198Hg isotope. The build-up of activity for any given isotope

is a function of several intrinsic factors, including isotopic abundance and neutron cross-section as

well as a series of irradiation parameters, including neutron flux and energy spectrum. Therefore,

although the general principles are valid for all the reactors, detailed experimental parameters of the

procedure have to be independently worked out. Under these experimental conditions, efficiency

was 50% of the target (theoretical) value (Figure 28.10).

There were no changes observed in nanocomposite particle size at low doses. At higher

irradiation doses, the size of nanoparticles increased and the particle size distribution became

somewhat wider.

The exact mechanism of cross linking is yet unknown. It is speculated that radical mechanisms

that are responsible for beta-alanine cross linking (as well as local heat effects that are known to

result in retro-Michael synthesis) may result in the rearrangement of the molecular structure.80

Data indicate that the product (similarly to silver/dendrimer nanocomposites)76 is composed of

primary composite nanoparticles and their aggregates (Table 28.4). Volume weighted averages are

directly proportional to %w/w concentrations. Nevertheless, interaction with biologic objects (e.g.,

cells) is determined by the number of interacting objects, thereby necessitating determination of

number averages as well. By number averages, each sample is predominantly composed of single

particles (Figure 28.11).

The size of the cross linked primary particles depends on the irradiation conditions; brief

exposure to neutrons and gamma rays does not change particle size (Figure 28.12, left side), but

it results in low activities. Longer irradiation activates the gold and simultaneously melts the
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FIGURE 28.10 Comparison of targeted and measured specific activities of 198Au as a function of irradiation

time. (Reproduced from Balogh, L. P., Nigavekar, S. S., Cook, A. C., Minc, L., and Khan, M. K., PharmaChem

2(4), 94–99, 2003. With permission.)
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dendrimers and cross links the primary particles into spherical and still soluble radioactive nano-

composites. Figure 28.12 shows the empirical correlation between particle diameter and irradiation

time when pre-made {(Au0)6.53-PAMAM_E5.NH2} nanocomposites were treated in a reactor.

In TEM, large particle structures that are probably responsible for the observed intense light

scattering have been identified (Figure 28.13b). Visualization of these loose aggregates offers a few

mechanistic clues. First, size and size distribution are unaffected when samples are irradiated with

low doses in solution (Figure 28.13a). At higher doses, larger {Au} spherical particles form with a

few superclusters present that are composed of primary {Au}n clusters loosely attached to each

other by their surface.

For approximate calculations, complete space-filling (100% packing) values for the cross

linked primary particles and partial (50% packing) values for their aggregates were assumed.

Based on volume averaged size data by DLS, a d Z 22.2G1.9 nm polymerized particle
TABLE 28.4
Particle Size Distributions of Soluble {198Au}C Nanocomposites After Irradiation of

{(Au0)6.53-E5.NH2} (NICOMP Data)

Sample {(Au0)6.53

-E5.NH2}. A, B, C

Volume Weighted Number Weighted

Mean
Diam.
(Nm)

Std. Dev.
(Nm)

Present
(%)

Mean
Diam.
(Nm)

Std. Dev.
(Nm)

Present
(%)

Irradi-
ation
Time
(Hr.)

Zeta
Potential

(mV)

fðAu0Þ6:53g
C23:3 mV
nZ; dZ14:0G1:9 nm 14.0 1.9 99.4 13.4 1.4 100 1.0 C23.3

Aggregate 453 45.1 0.6 0 0 0

fðAu0Þ6:53g
C22:7 mV
nZ; dZ16:6G1:7 nm 16.6 1.7 94.6 15.8 1.9 99.9 1.5 C22.7

Aggregate 73.6 10.3 5.4 70.4 6.2 0.1

fðAu0Þ6:53g
C22:7 mV
nZ; dZ21:1G2:9 nm 21.1 2.9 91.2 20.2 2.2 99.9 2.0 C25.2

Aggregate 111.2 17.2 8.8 104.9 4.0 0.1

Data were measured after loss of radioactivity.
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fðAu0ÞC5:76g87; dZ22:2 nmcontains 87 primary (dZ5 nm) DNC units and 499 Au0 atoms per particle.

A dZ29.7G2.9 nm polymerized gold/dendrimer nanocomposite particle ðfðAu0ÞC5:69g209; dZ29:7 nmÞ

contains 209 primary (dZ5 nm) DNC units and 1123 Au atoms. The aggregate of this secondary

nanoparticles (with a packing fraction of 50%) would be composed of dZ22 nm particles (each

containing 489 Au atoms in this example) that would suggest the presence of 51.4 {(198Au)n}
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FIGURE 28.12 Average diameter of Peak 1 in aqueous solutions of gold nanocomposites as a function of

irradiation time (in equivalent position). Extensively irradiated nanocomposite samples became insoluble in

water.
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TABLE 28.5
Particle Diameters of Radiation Polymerized Gold/Dendrimer Nanocomposites

(Au/DZ5.69) According to Dynamic Light Scattering Data with NICOMP Data Analysis

Sample

Volume Weighted Number Weighted No. of Au atoms

Mean
Diameter

(nm) Percent (%)

Mean
Diameter

(nm) Percent (%) Per Host
Gold mass

Fraction (%)

Primary particle: {(Au0)5.76}87 22.2 97.9 21.7 99.9 504 99.3

Aggregate ({(Au0)5.76}87)12.5 51.5 2.1 51.4 0.1 3113 0.7
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composite nanoparticles per aggregate (on average), containing 31,002 gold atoms in total. Data are

shown in Table 28.5 and Table 28.6. The resulting nanocomposites preserved a net positive charge

although measured zeta potential values (Table 28.6) were approximately half of what was

measured for {(Au)56.61-PAMAM_E5.NH2} nanocomposites.65 (The surface zeta potential for

the latter nanocomposites was 41 mV as calibrated by dZ50 nm poly(styrene)sulfonate standards

from Duke Scientific). Decrease of the surface positive charge indicates involvement of primary

amine terminal groups in the polymerization reactions followed by their subsequent partial elimin-

ation from the host during radiation. The net positive zeta potential also supports the existence of

the primary amine surface functions, explaining the formation of superclusters through

surface attachment.
28.1.5.7 Gold in the Nanocomposite Particles After Radiation Polymerization

It is well known that the maximum of the surface plasmon resonances of noble metal nanocrystals

in the UV–vis spectrum shifts toward longer wavelengths (from red to blue, i.e., toward lower

energies) when particles aggregate.81,82 However, the maxima in the UV–visible spectra of the

{Au} nanocomposites are practically the same before and after radiation polymerization. The lack

of shift indicates that the structural change is restricted to the host and the Au nanodomains remain

isolated (Figure 28.14).
28.1.5.8 Visualization of Gold/PAMAM Nanocomposite Uptake in Tumor Cells

In this demonstrative experiment, amine surface gold PAMAM nanocomposites were used to

visualize {Au(0)}C in tumor tissue by TEM. One million B16F10 melanoma cells were
TABLE 28.6
NICOMP Size Distribution Data After Irradiation and Radioactive Decay for the Nano-

composite (Au/DZ5.76) Used in the Preliminary Therapeutic Experiments

Volume Weighted Number Weighted No. of Au atoms

Sample

Mean
Diameter

(nm)
Percent

(%)

Mean
Diameter

(nm)
Percent

(%) Per particle
Mass

Fraction (%)

Primary particle: {(Au0)5.69}209 29.7 94.1 27.7 99.9 1123 97.5

Aggregate ({(Au0)5.69}209)51.4 110.4 5.9 106.4 0.1 31,002 2.5
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FIGURE 28.13 (a) The TEM image illustrates the unperturbed size distribution of the {Au5.7-

PAMAM_E5.NH2} gold nanocomposite when irradiated with low doses. (b) Almost identical dZ22 poly-

merized {Au}n particles forming a loose ({Au}n)m aggregate. (Reproduced from Balogh, L. P., Nigavekar, S.

S., Cook, A. C., Minc, L., and Khan, M. K., PharmaChem 2(4), 94–99, 2003. With permission.)
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subcutaneously injected on the dorsal surface of a C57Bl6/J mouse and tumor allowed to develop

for two weeks. The mice were then injected with the nanocomposite solution. Tumor and other

organs (liver and lung tissue) were isolated and ultra-thin sections examined on a Philips CM100

electron microscope. Figure 28.15 shows a TEM image of one of these sections with three tumor

cells. The image indicates that 1.25 h after the direct injection only a few larger gold nanocomposite

clusters are present in the interstitium. Most of the smaller clusters were found in the nucleus and

cytoplasm. During the internalization of gold nanocomposites, diffusion through the cell wall
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FIGURE 28.14 Comparison of UV–visible spectra of dZ5 nm (dashed line), dZ11 nm (dotted line), and

dZ22 (continuous line) nm {Au(0)} gold nanocomposites.
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FIGURE 28.15 Electron microscope image of mouse tumor tissue 1.25 h after {Au} injection. Unstained

specimen, black dots represent gold nanocomposite clusters, dark areas within the nucleus are preferred for

{Au}. (Reproduced from Balogh, L., Bielinska, A., Eichman, J. D., Valluzzi, R., Lee, I., Baker, J. R.,

Lawrence, T. S., and Khan, M. K., Chim. Oggi (Chem. Today) 20(5), 35–40, 2002. With permission.)
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appears to be the dominant mechanism although transfer through a nuclear pore has also

been observed.
28.2 BIOLOGY

As previously shown, nanocomposite dimensions are in the size range of small cellular machinery.

The interactions that devices this small will have with biologic systems is truly unknown, and

mathematical or other guiding principles to determine how exactly these small devices will behave

in complex biologic systems that have potential interactions at the intracellular, cellular, multi-

cellular, organ, and multi-organ system level are yet unknown. Research has demonstrated that until

understanding of this process is had, it will be critical to empirically test these interactions as simple

assumptions about nanodevice behavior in biologic systems are currently often incorrect.

Interactions of nanoparticles with biologic objects should typically be surface interactions. In

other words, they depend on the surface characteristics of both the biologic entity and the nano-

particle. This has been borne out in several of this team’s experiments and will be detailed below.

The nanoparticle’s size is important, and this may be due to cellular or macromolecular interactions

that are affected by size such as the ability to move through membranes, pores, membrane junc-

tions, or recognition by certain cells (such as macrophages) for uptake. Charge of the nanoparticle is

important because the Coulomb interactions are the strongest physical forces between any two

objects. Other three-dimensional changes within the nanodevices that can affect their surface

size/charge would also then be expected to affect biologic interactions.

Biodistribution, or how these nanodevices move throughout complex biologic multi-organ

systems, is a dynamic property and must be looked at as a function of time. Biodistribution can

be affected by many factors, including site of injection or uptake, blood flow/rate, uptake resident

time in the blood and various organs and organ systems, and clearance from the body (urine, feces,

and sweat, for example) to name only a few of these factors. Nanodevices intravascularly injected

will travel first to the heart then lungs, then back to the heart, then throughout the rest of the body.

The heart and lung have first exposure to the nanodevices. Certain organ systems may have
q 2006 by Taylor & Francis Group, LLC



Nanotechnology for Cancer Therapy572
architecture (fenestrated structures for example) that may hasten or slow the time blood is exposed

to the organ, the ability to enter organs, and the ability to stay in certain organs. Size/charge

characteristics (particularly size) could have large influences on the route of clearance of these

nanodevices. Detailed empiric biodistribution studies may eventually permit more detailed math-

ematical understanding of how different size/charge nanodevices will distribute over time in

complex biologic systems.

The vascular system is a critical organ system that needs detailed examination as it is the first

organ system seen by intravascularly injected nanodevices and the main route of distribution to the

rest of the body. Of particular importance to the study of cancer (and potentially other diseases such

as macular degeneration, rheumatoid arthritis, etc.) is the angiogenic microvasculature. When these

pathologic conditions occur or when a wound is healing, the normal existing microvasculature is

stimulated to build a new microvasculature via budding off of the existing microvasculature. This

process of neovascularization is called angiogenesis. It has potentially important implications for

potential uses of nanodevices in pathologic and some non-pathologic biologic conditions as will be

discussed below. A detailed understanding of the in vivo biodistribution of nanodevices will

eventually permit the design of nanodevices that can specifically or selectively target specific

organs or tissues in order to improve medical therapy.
28.2.1 TARGETING AND NANODEVICE DELIVERY

Targeting of tumor cells may be performed by either selective or specific ways as described in

related literature. Direct receptor specific targeting is the one most often thought about, and

nanocomposites permit the optimization of surface properties (via modulation of charge and attach-

ment of targeting moieties) to maximally permit this direct targeting. Targeting groups can be

conjugated to the host dendrimer’s surface27 to allow the imaging agent to selectively bind to

specific sites such as receptors on tumor cells to improve detection. For example, there are a

number of cell surface receptors that are known to be over expressed on cancer cells, including

epidermal growth factor receptor (EGFR) and the laminin receptor VLA-683. Nanocomposites

could be constructed to specifically target these receptors.

Nanodevices can also be constructed to target exposed receptors on the angiogenic microvas-

culature. Over the last few years, data have emerged supporting the concept that the

microvasculatures of tissues and/or organs also have antigenic surface differences. Using a

phage display technique, investigators have isolated peptide fragments that specifically bind to

different tissue or organ microvasculatures in mice.84–86 As part of this work, they also isolated

peptides that specifically bind to angiogenic tumor microvasculature.87–89 One of these angiogenic

microvascular targeting peptides isolated is a three amino acid peptide, arginine–glycine–aspartate

(RGD). RGD has been used to target chemotherapy and other agents to the angiogenic tumor

microvasculature.87,90,91 Radio-labeled linear or cyclic forms of the RGD peptide itself have

been used to target the tumor microvasculature, permitting imaging with PET or SPECT.92–97

One could envision the use of RGD or other small molecules binding angiogenic microvasculature

and present on the surface of the composite nanodevices to directly target the microvasculature.

These studies are currently underway in this team’s laboratories.

Non-target specific or non-selective targeting is another way to affect biodistribution of the

nanodevices by not relying on the binding to a specific receptor but by taking advantage of the

existing structural properties of complex biologic systems. It is well known that the angiogenic

microvasculature is very different from the fully formed microvasculature. It is leakier than normal

microvasculature, and there is also evidence that the tumor angiogenic microvasculature often lacks

pericytes and has aberrant morphologies.98–101 These differences between the tumor microvascu-

lature and the normal microvasculature may result in enhanced permeability and retention effect

(EPR), suggested first by Maeda.102 The accumulation of macromolecules in the tumor was also

found after i.v. injection of an albumin-dye complex (MwZ69,000) as well as after injection into
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normal and tumor tissues. The complex was retained only by tumor tissue for prolonged periods.

With liposomes, the most effective size preferably retained in the tumor was suggested to be around

50 nm. The Duncan group has also shown103 that appropriately sized dendrimers and dendrimer-

cis-platin complexes may become trapped in tumor vasculature as a result of the EPR effect.104

Using PAMAM dendrimers, it has also been demonstrated that polymers of different sizes have

different permeability or cellular uptake, depending on the size (generation) and surface of the

dendrimer (discussed in more detail below). For future therapy, these size and charge charac-

teristics are exploited to specifically deliver nanoparticles through the tumor microvasculature

and to the tumor or directly to the microvasculature itself using additional surface recognition to

further improve avidity.
28.2.1.1 Quantitative In Vivo Biodistribution of Dendrimer and Gold Composite
Nanodevices (CND)

As previously explained, composite nanodevices have several potential advantages over current

technologies for the delivery or radiation or other therapies to tumors or the tumor microvascu-

lature. In particular, even the smallest gold composite nanodevice can deliver greater than ten gold

atoms per device to a target. This is a log fold more radiation than previously possible with the usual

radioactive antibody techniques and offers a real potential to have greater than a log fold more

radiation delivery per device than previously possible. The composite nanodevice architecture

permits the simultaneous optimization of the carried inorganic component (gold or other inorganic

material) and the dendrimer network (with or without receptor-specific targeting), providing the

surface components of the fully formed nanodevice. To think of this clinical point of view, for

example, targeting the nanodevice by the covalent linking of specific moieties to its surface and

then carrying radioactive gold for imaging/therapy applications, the gold placement would not

interfere with the targeter functioning on the surface. This optimization of the different compart-

ments is a critical advantage of the composite nanodevices compared to other structures.
28.2.1.2 Related Techniques in the Literature

Illustrative of a few of these points is a study by Haifield et al. in the early 1990s.55 This group

carried out a partially successful attempt to increase the gold carrying content of antibodies by

covalently attaching gold clusters using sulfhydryl linkages to antibody fragments, and it then

carried out biodistribution studies of these devices in mice. They were able to get some of the

gold clusters averaging about 11 gold atoms to bind to various antibody fragments. The character-

ization of these clusters was done with TEM, and much more detailed characterization using several

other techniques would be needed to be certain of the actual complexes formed. The size of the final

assembly was not presented. They were able to make an antibody fragment-Au-cluster device that

retained about 80% of its original binding activity (because of the interference of the gold clusters

with the antibody fragment binding site). To stabilize the clusters, 21 phenyl groups were used, and

this hydrophobic layer around the Au clusters caused increased uptake arguably in the blood cells.

There was also very high uptake (trapping of clusters) in the kidney, probably as a result of the size

of the antibody-Au cluster constructs. In both cases, the Au cluster chemistry/architecture interfered

with the targeting component of the devices. More recent work on colloidal gold preparations by

Paciotti et al.56 examined the in vivo biodistribution of a colloidal gold nanoparticle devices made

of thiol–PEG (polyethylene glycol) and gold and recombinant human TNF (PT–cAu–TNF). The

mechanism of the TNF linkage to the colloidal gold could not be delineated, but the preparations

did appear to be 33 nm in size, and crude biodistribution measurements in a few organs showed

relatively rapid clearance from the blood and deposition of the TNF in tumors. Much of the

biodistribution of the nanoparticle was done by observing the color of organs as they turned

more purple as they picked up the nanoparticle (possibly because of the formation of large gold
q 2006 by Taylor & Francis Group, LLC



Nanotechnology for Cancer Therapy574
nanoparticle aggregates that shifts the maximum of the plasmon peak toward blue). The data were

not quantitative for whole particle determinations. The measurement of TNF in a few organs was

quantitative. This nanoparticle appeared to have some interesting data supporting improved

delivery to tumors compared to the non-PEGylated form of the nanodevice. It is unclear from

the work, however, how this approach could be extended to permit other targeting with different

agents or what improvements need to be made. There was no indication of how the Au–PEG–TNF

components could be modified or optimized. Given the lack of knowledge of the actual chemistry

holding the device together for the short few-hour time course of the experiment, it is unclear if this

system can be modified or improved. These reports emphasize the advantages possible with the

composite nanodevices, the need for much more detailed chemical characterization and biological

understanding of how these devices distribute throughout the body, and how simple modifications

may affect this biodistribution.56,105

Quantitative and detailed in vivo biodistribution data for dendrimer nanoparticles and, for the

first time, composite nanodevices in tumor mouse model systems are presented below. Although

there are many theories on how nanodevices might interact with complex animal systems, this team

decided to empirically measure nanodevice biodistribution with several planned modifications of

the nanodevices as a way to eventually begin to understand guiding principles of how nanodevices

and, in particular, nanocomposites interact with organs/tissues. This data will eventually be used to

develop a more detailed mathematical understanding of the process and to aid in the design of future

nanodevices aimed at specific biologic understanding or therapy.

As part of this approach, these groups carried out the first detailed and quantitative biodistribu-

tion studies on dendrimer nanodevices in tumor model systems.77 They then expanded these studies

to examine the first detailed and quantitative biodistribution studies of nanocomposites.4 Important

initial principles of the interactions of nanocomposites were determined, and predictions were made

about how to examine nanodevices in general in complex biologic systems.4,77,79
28.2.1.3 The Instrumental Neutron Activation Analysis (INAA) Method

Gold content of biologic samples by Au content of the nanodevices and tissue samples was

determined by direct neutron irradiation. This approach was possible because (a) in the absence

of oxygen, the gold/dendrimer nanocomposites are stable for a number of months (metal nanoclus-

ters are effective oxygen-transfer catalysts), (b) PAMAMs do not break down in vivo because of

enzymatic activity, and (c) the natural abundance of gold in mice and humans is close to zero.

In the INAA technique, samples are activated by irradiation with neutrons, usually within the

high flux fields of a nuclear reactor. Specific isotopes become radioactive by neutron capture-type

nuclear reactions. After removal from the reactor, samples are allowed to decay (cool) to permit

unwanted short-lived activity (for example, from Na) to diminish. Gamma-ray spectra from acti-

vated samples are then measured using solid-state detectors.24 Specific isotopes may be identified

by their gamma rays of characteristic energy, and quantitative determinations are made by

comparing peak areas in the spectrum to those of a standard reference material that has been

irradiated and counted under identical conditions.

Advantages of this analysis method are that (a) determination of CND biodistribution is very

precise, (b) the biologic experiments can be performed on their own timescale and schedule,

(samples can be prepared, accumulated, stored, and analyzed upon reactor availability), (c) high

sensitivity may be achieved for gold, and (d) there is no biohazard material present after irradiation.

However, it is a disadvantage that the dried and irradiated tissues are not suited for further study

(TEM, pathology, immunology, etc.) The build-up of activity for a given isotope is a function of

several intrinsic factors, including isotopic abundance and neutron cross-section as well as a series

of irradiation parameters, including neutron flux and energy spectrum. Because irradiation par-

ameters can vary slightly over time within a range of operating conditions, quantification of the

activated isotope is rarely approached through direct calculation. Rather, elemental concentrations
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are determined through comparison on a weight-ratio basis from activities (measured as gamma

counts-per-second) generated in a standard reference material of known composition, assuming all

other parameters are held constant, including irradiation time, flux, decay time, counting time, and

detector geometry.
28.2.1.4 Determination of Gold Content Using INAA—Precision and Sensitivity

All tissue samples were lyophilized and analyzed either at the Ford Nuclear Reactor of the Phoenix

Memorial Laboratory (University of Michigan) or at the Oregon State University Radiation Center

(OSU-RC, Corvallis, OR). A series of six gel check standards prepared with known gold concen-

trations (in 7% gelatin to mimic the organic tissue samples) were prepared to monitor measurement

precision and sensitivity. Four replicates of a gold standard (NBS-SRM-2128-1, 1% Au by weight)

prepared by pipetting approximately 100 mg of the liquid standard on to filter paper placed in

sample vials were similarly weighed and desiccated. Samples and standards were irradiated for 2 h

in core-face location 112B with a nominal thermal neutron flux of 10EC11. Following an initial

2-day decay, a 15,000 s (live-time) count of gamma activity for Au-198 was recorded for each

sample using a HPGe detector (33% relative efficiency) with a 4 00 counting geometry. Gold

concentrations were determined through direct comparison on a weight ratio basis with the mean

activity generated in four replicates of the Au standard. Sensitivities of !75 ppb were obtained,

corresponding to 10 ng of Au (Figure 28.16). This method permits detailed and quantitative biodis-

tribution measurements in mouse tumor model systems.
28.2.1.5 Biodistribution of Positive and Neutral Surface Generation Five
Dendrimers—Non-Specific Uptake

In the first study of PAMAM dendrimers, the surface of PAMAM dendrimers were labeled with

tritium77 and studied the biodistribution of PAMAM_E5:ðNH2Þ44ðNHCOCH�3 Þ66 a tritiated gener-

ation five (5 nm) positive surface dendrimer and PAMAM_E5:ðNHCOCH�3 Þ110 neutral surface

PAMAM dendrimers (PSD and NSD, respectively) in a mouse melanoma tumor model and in a

prostate cancer mouse model. The feasibility of dendrimer delivery and subsequent quantification

was also tested. Systemic administration of NSDs and PSDs via tail vein injection were carried out

in tumor bearing mice. At different time points, the mice were euthanized and their organs
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FIGURE 28.16 Comparison of Au measured by INAA and the theoretical (known) Au content measured in

gel sample (gold concentrations were determined through direct comparison on a weight ratio basis with the

mean activity generated in four replicates of the Au standard).
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harvested, weighed, and processed. The in vivo distribution of dendrimers was then determined via

liquid scintillation counting of recovered tritium from the organs.

Although neither particles localized selectively to tumor tissue, they did distribute to all organs

tested and were recoverable within one hour post-injection. The vascular delivery of dendrimers

could be homogenous in the organ (as seen in multiple samples of the liver analyzed). Both dendri-

mers rapidly cleared from blood, the % ID/g organ levels for PSD and NSD being 20.6 and 21.6 at

5 min, 14.3 and 9.9 at 1 h, 1.7 and 0.9 at 1 day, 0.3 and 0.1 at 4 days, and 0.2 and 0.1 at 7 days post-

injection, respectively. These organic nanoparticles localized to all major organs and tumor tissue

and were rapidly cleared from the blood. Following an initial rapid clearance during the first day post-

injection, concentrations were maintained at a relatively stable level in every tissue with a very slow

decline over time. Lungs, kidneys, liver, and heart exhibited the highest uptake within an hour. Levels

in the spleen and tumor followed this, and the negligible amounts were found in the brain tissue. More

detailed tables and graphs of both PSD and NSD biodistributions are available in this team’s previous

publication.77 The PSD dendrimer nanoparticle biodistribution is shown in Figure 28.17. NSD

biodistribution is very similar, but with lesser amounts throughout. In all organs and tissues tested

(including tumor) the ratio of PSD:NSD was higher than 2:1, most likely because of increased

retention of the positively charged dendrimers relative to neutral derivatives. It shows, in a quan-

titative manner, a global and differential effect of charge on organ and tissue biodistribution when the

dendrimers are almost the same size (dZ5 nm).

In another experiment, the nanoparticle biodistribution was determined in another tumor model

system (human DU145 prostate cancer xenograft), and comparison was made to the previously

determined B16 melanoma tumor model system (see Figure 28.17). The results are very similar in

both models, supporting the general validity of the findings to multiple tumor and mouse types.

In detailed excretion studies, it was shown that the dendrimers were excreted via both urine and

feces (Figure 28.18). A total of 48.3% of NSD and 29.6% of PSD were excreted via urine over

seven days. Within the first two hours, urinary NSD excretion was more than three-fold that of PSD,

but at later sampling points, the daily excretion of both dendrimers was equivalent. This correlated

with the increased retention of PSD seen in organs and tissues. Dendrimers were excreted via feces

to a much lesser extent with a total of 5.41% of NSD and 2.96% of PSD recovered over seven days
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FIGURE 28.17 Organ biodistribution of positive surface 5 nm nanoparticle (PSD) depicted as percent

injected dose recovered per gram of organ (% ID/g). Panel (a) shows biodistribution in C57BL6/J mice

subcutaneously carrying B16 melanoma tumors on the dorsal surface. Panel (b) shows the same nanoparticle

injected into nude (nu/nu) mice carrying the human prostate carcinoma line DU145. nZ6 for panel (a) and

nZ3 for panel (b).
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FIGURE 28.18 Excretion of positive surface dendrimers (PSD) and neutral surface dendrimers (NSD) via

urine and feces (a and b, respectively) at time points indicated. The data obtained from B16F10 melanoma

mouse model (nZ5) are presented as a percentage of injected dose excreted per mouse.
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(Figure 28.18). The dendrimers were mainly excreted via urine with a significant amount of urinary

excretion occurring within 24 h post-injection. This was the first quantitative demonstration of the

manner in which dendrimers are excreted from the body (urine) and of how this occurs over time.
28.2.1.6 Biodistribution of 5 nm Gold Nanocomposites Compared with Dendrimer
Templates

As the next step in this research, this team examined composite nanodevices of differing surface.4 It

compared the biodistribution of 5 nm composite nanodevices with those of their respective

dendrimer templates of the same surface charges and size. It found that although charge affected

biodistribution of the same size nanodevices, surprisingly, the gold/dendrimer composite nano-

devices had a very different organ/tissue biodistribution pattern in mice compared to the dendrimer

nanoparticles of similar size and surface charge.
28.2.1.7 Biologic Differences Between Dendrimers and Gold Composite Nanodevices

This comparison is most accurate and particularly striking in the case of the acetamide (neutral)

surface nanodevices where the size and surface charge are the same. There is significant and

consistent high-level accumulation over time (selectivity) in the liver and spleen of mice intrave-

nously injected with the gold nanocomposites (Figure 28.19a). In contrast, no such organ specific

accumulation (selectivity) was seen with the NSD (Figure 28.19b).

The overall (global) effects of surface charge are also different when the dendrimer nanopar-

ticles are compared with the CNDs. With the dendrimers (Figure 28.19a and Figure 28.20a), and as

discussed above, the partially positive surface macromolecules distributed into all organs at higher

levels (about 2-fold higher levels) than that seen with the fully acetylated (neutral surface)

dendrimer nanoparticles.77 There were no significant organ-to-organ differences (or selectivity)

seen. With the gold composite nanodevices, however, there are large organ-to-organ differences

(selectivity) seen (Figure 28.19a and Figure 28.20b). There is significant spleen and liver accumu-

lation (selectivity) seen with the fðAu0Þ9:08 KPAMAM_E5:ðNHCOCH3Þ120g
C
dZ5 nm neutral surface

nanodevices over a prolonged time period. With the positive surface fðAu0Þ9:08KPAMAM_E5:

ðNH2Þ120g
C
dZ5 nm nanocomposite, there was significant accumulation noted in the kidney.

Finally, a further major difference noted was that the unmodified primary amine terminated

PAMAM dendrimer was previously shown to be toxic in vivo (causing the death of mice) as

discussed in the introduction, and this is exactly why partially acetylated PAMAMs were used

for in vivo studies as PSD. With the gold/dendrimer composite nanodevices, however, unmodified

hosts were used to safely prepare respective nanocomposites for these mouse tumor model studies.

Although the exact reasons are yet unknown, dendrimers and dendrimer nanocomposites are
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FIGURE 28.19 Organ/tissue biodistribution of neutral surface Au-composite nanodevice or (Au0)9-PAMA-

M_E5.(NHCOCH3)110} (a) and neutral surface dendrimer or PAMAM_E5.(NHCOCH3)110 (b) in tumor

bearing mice. Abbreviations: BLD, blood; BRN, brain; PCS, pancreas, TMR, tumor; HRT, heart; KDY,

kidney; LVR, liver; SPN, spleen; and LNG, lung. (The (b) has been reproduced from Nigavekar, S. S.,

Sung, L. Y., Llanes, M., El-Jawahri, A., Lawrence, T. S., Becker, C. W., Balogh, L., and Khan, M. K.,

Pharm. Res., 21(3), 476–483, 2004. With permission.)

Nanotechnology for Cancer Therapy578
different enough to yield different biologic interactions (even though they are similar by charge and

size in materials characterization), resulting in a different toxicity profile.

The surface-to-volume ratio of nanodevices is much greater than for micron objects, enabling

the surface to govern the interactions of nanoparticles with proteins, carbohydrates, or other macro-

molecules within the organs, tissues, or cells. It was previously believed that the surface of the 5 nm

positive or NSDs would largely govern the biodistribution of the gold/dendrimer composite nano-

devices. Even though gold nanocomposites of primary amine terminated PAMAMs typically form

mixed structures,41 the fact that the fðAu0Þ9:08 KPAMAM_E5:ðNHCOCH3Þ120g
C
dZ5 nm and

fðAu0Þ9:08 KPAMAM_E5:ðNH2Þ120g
C
dZ5 nm nanodevices have very different biodistribution within

the mouse tumor model system in comparison to the dendrimer templates indicates that, from a

biologic point of view, these devices interact differently with macromolecules present on or in

organs/tissues. A classic three-dimensional conformational change (as can be seen with proteins)

and perhaps affecting these surface interactions cannot account for the difference in biodistribution
Biodistribution of 5 nm Neutral Au-Composite
Nanodevice in the B16 mouse melanoma model
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FIGURE 28.20 Organ/tissue biodistribution of positive surface Au-composite nanodevice or {(Au0)9-

PAMAM_E5.(NH2)110 (a) and partially positive surface dendrimer or PAMAM_E5.(NH2)44 (NHCOCH3)66

(b) in tumor bearing mice. Abbreviations: BLD, blood; BRN, brain; PCS, pancreas; TMR, tumor; HRT, heart;

KDY, kidney; LVR, liver; SPN, spleen; and LNG, lung. (The (b) has been reproduced from Nigavekar, S. S.,

Sung, L. Y., Llanes, M., El-Jawahri, A., Lawrence, T. S., Becker, C. W., Balogh, L., and Khan, M. K., Pharm.

Res., 21(3), 476–483, 2004. With permission.)
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as all the studied particles are spherical. The increased rigidity and density of {Au(0)} composite

nanodevices compared to the relative flexibility of the template dendrimers may explain some of

this difference. Alternatively, perhaps another changed physiochemical property may partially be

responsible for some differences in biodistribution. This aspect is presently under investigation.

The results again indicate that those working on nanoparticles for biologic and medical uses

need to understand in detail how nanodevices truly behave in vivo and that new nanodevices will

have to be rigorously tested for biodistribution, toxicity, and other critical measures needed for the

use of these devices in biologic systems. As future multifunctional nanodevices are made, it will be

critical to carry out detailed biologic testing of these devices with respect to changes in charge, size,

complexation, and surface substitution to gain an in depth understanding of how they will behave in

these systems. Studies on dendrimers and composites have shown that this rigorous testing is

critical and will be needed for other nanomaterials as well.

28.2.1.8 The Importance of Size on Nanocomposite Biodistribution

This team conducted a series of further studies that are currently in submission for publication

where the effect of size and charge on biodistribution of nanocomposites is further examined. It

examined 5, 11, and 22 nm nanocomposites with varying surface charge (partially positive,

negative, and neutral). A key finding of these studies was that there are different organs that are

selectively uptake charged nanoparticles, depending on the size and charge tested (see

Figure 28.21). Importantly, when surface charge was kept constant and the size of the nanodevice

was varied as with the 5 and 11 nm carboxylate (negative) surface nanocomposites, different

nanodevice biodistribution was seen with differential organ selective uptake noted.

Nanodevice levels in blood are higher for the fAuð0ÞgKdZ5 nm gold nanocomposites than they are

for the fAuð0ÞgKdZ11 nm gold nanocomposites. Smaller size might preclude quick clearance from

blood circulation, perhaps by uptake of the nanodevices into circulating blood cells. Nanodevice

accumulation in the spleen appears to be determined by size as the fAuð0ÞgKdZ11 nm negative surface

gold nanocomposites show much higher levels of accumulation in the spleen than the 5 nm negative
Biodistribution of 5 and 11 nm negative surface Au-composite
nanodevices in the B16 mouse melanoma model
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FIGURE 28.21 Biodistribution of 5 and 11 nm negative surface Au-composite nanodevices in C57BL6/J

mice bearing B16F10 melanoma. Shown here are nanodevice accumulation in tumor as well as in organs that

show the highest accumulation of nanodevice that include the liver, spleen, lungs, and kidneys. Nanodevice

levels were tested at times 5 min and hours 1, 24, and 96 post-injection.
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surface Au-composite nanodevice. Liver accumulation was also consistently higher in the 11 nm

nanocomposites. These studies indicate that size can affect distribution of the nanodevices with

similar surface charges. This will have to be taken into consideration if this nanodevice were to be

used to deliver radiation or toxic therapeutics, especially in the absence of a tumor targeting moiety

on the surface of the nanodevice. This is the first set of data demonstrating the critical importance of

the size of the nanodevices on their biodistribution in complex organisms.

28.2.1.9 Biodistribution Summary

Detailed quantitative biodistribution studies demonstrated the critical importance of surface size

and charge on the interactions of nanocomposites with complex biologic systems. This team was

able to empirically determine how differing size and charge affects this biodistribution, showing

that selective organ uptake can be achieved with modulation of these parameters. It also showed

that biodistribution profiles of Au-composite nanodevices were different from profiles of dendri-

mers of the same size and charge. These studies also revealed that an important principle of

nanodevice design is to be fully aware of these parameters, including the importance of flexibility

and density. Importantly, this team also demonstrated that it is difficult to predict what size/charge

modification would produce a given biodistribution. The behaviors appear to be complex at this

time. Completion of its ongoing research will provide a deeper insight into the biodistribution of

nanoparticles of differing size and charge and create an important background to examine targeted

devices. Without this detailed type of baseline study, there would be no way to ensure true targeting

is occurring as envisioned targeting may be more a result of selective uptake because of size,

charge, and other properties, and they are not due to the targeting moiety on the nanodevice.

Understanding nanodevice behavior in complex animal systems will help to design the best nano-

devices for targeting and suggest ways to protect organs from undesired effects. The detailed

studies above will also allow researchers to begin a more detailed mathematical and pharmacoki-

netic analysis to explain nanodevice size/charge effects on biodistribution and permit them to make

educated predictions as to their behavior in biologic systems in the future.

28.2.2 TOXICITY STUDIES

28.2.2.1 Long-Term Toxicity Studies of Tritiated Dendrimer Nanoparticles

Initial long-term toxicity studies were carried out on both the dendrimer nanoparticles and on

several of the composite nanodevices as indicated in Table 28.7. As in vitro toxicity data cannot

yet be directly transposed to in vivo conditions, this team has carried out initial toxicity studies on

the tritiated dendrimers. Because tumor-bearing mice would die as a result of their tumor-burden,

long-term toxicity/biodistribution studies were carried out with normal C57BL/6J mice. PAMAM

_E5:ðNH2Þ44ðNHCOCH�3 Þ66 generation 5 PAMAM dendrimer derivative with a partially positive

surface (PSD) and a neutral surface PAMAM_E5:ðNHCOCH�3 Þ110 dendrimer (NSD) were evalu-

ated for in vivo toxicity in 6–8 week old male C57BL6/J mice. The mice were observed for a period

of 75 days. There were five mice in each group with a control group that was given PBS. Clinical

toxicity tables were kept on each set of mice, and daily notations were made of any signs of

weakness, lethargy, dehydration, change in mobility, or reflex. Weights of mice-given dendrimers

did not differ from weights of mice in the control group (see Figure 28.22), and none of the mice

died during observation. The labeled dendrimers were detectable in all organs tested (see Table II in

Nigavekar et al. 2004).77 This demonstrated that the nanoparticles could distribute to all tested

organs and remain there at relatively stable levels for at least 12 weeks. The mice appeared healthy

at that time as well, and no long-term clinical toxicity or weight loss was observed. The mice

weights increased over the first 15 days and then were stably maintained with slight increment over

the period observed. This team’s conclusion was that these dendrimers are non-toxic in this

animal model.
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TABLE 28.7
Male C57BL6/J, 6–8-Week-Old Mice Were Injected with Tritiated Dendrimer Nanoparticles

(5 nm PSD and NSD) and Au-Composite Nanodevices (5 nm PCND, 11 nm NgCND, and

22 nm PCND) and The Were Monitored Over a Period of Time for Change in Weights

Toxicity analysis

Analysis of Mice Weights 5 (nm) PSD 5 nm NSD 5 nm PCND
11 nm

NgCND 22 nm PCND

Time course of analysis

(in days)

75 75 75 49 49

Analysis of clinical

Toxicity O O O O O

The mice were also monitored for signs of clinical toxicity such as weakness, lethargy, dehydration, change in mobility, or

reflex. Death, as an end-point was noted as well.
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FIGURE 28.22 Long-term monitoring of weights of non-tumor bearing C57BL/6J mice given (a) PBS as

control (nZ5), (b) PSD (nZ4) and (c) NSD (nZ5). Individual weights of each mouse have been plotted as a

function of time (days). PBS, phosphate buffered saline; PSD, positive surface dendrimer; NSD, neutral

surface dendrimer. The notation PSD 1, for example, means the positive surface dendrimer injected into

mouse 1.
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28.2.2.2 Long-Term Toxicity of {Au(0)} Gold Composite Nanodevices

Very limited data are available on the toxicity of noble metal dendrimer nanocomposites. Some

preliminary data in cell culture systems provide some understanding of metal composite nanode-

vices in vitro.5,76 It appears that toxicity is very similar to that of the dendrimer template, i.e., if the

template is non-toxic, the noble metal composite nanoparticles are also non-toxic.76

To gain the insight into the in vivo toxicity of composite nanodevices, the team completed

detailed in vivo toxicity analysis of fAuð0ÞgCdZ5 nm the 5 nm positively charged CND, fAuð0ÞgKdZ11 nm

the 11 nm negatively charged CND, and fðAu0Þ5:8g
C
dZ22 nm the 22 nm positively charged CND in

healthy mice. The mice were injected with the nanodevices as described above for the tritiated

dendrimers. In brief, the 5 nm PCND, the 11 nm NgCND, and the 22 nm PCND were all evaluated

for toxicity in 6–8 week old male C57BL6/J mice. Mice given the 5 nm nanodevice were observed

for 75 days, whereas those given the 11 nm and 22 nm devices were observed for 49 days. There

were five mice in each group with a control group that was given PBS. Daily toxicity tables were

kept on each group of mice, and any signs of weakness, lethargy, dehydration, change in mobility,

or reflexes noted. There was no clinical toxicity found. Weights of mice that were given dendrimers

did not differ from weights of mice in the control group (see Figure 28.23), and none of the mice

died during observation.
28.2.2.3 Treatment of Tumors in Mouse Model Systems

Reactive encapsulation permits the entrapment of different radionuclides within composite nano-

particles of defined size and targeting properties. An advantage of this approach would be the

development of an image guided therapy where the radioactivity delivered to a tumor can be

increased either by increasing the particle size or by increasing the number or specific activity of

the guest atoms without destroying the targeting ability of the nanocomposite device. Additionally,
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FIGURE 28.23 Long-term monitoring of weights of non-tumor bearing C57BL/6J mice given PBS (nZ5) as

control (nZ5), 5 nm Au-PCND (nZ5), 22 nm Au-PCND (nZ4), and 11 nm Au-NgCND (nZ5). Individual

weights of each mouse have been plotted as a function of time (days). Au-PCNDZgold positive surface

composite nanodevice; Au-NgCNDZgold negative surface composite nanodevice; PBSZ phosphate

buffered saline. The notation PCND 1, for example, means that particular nanodevice injected into mouse 1.
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varying the particular nature of the atoms (metals, isotopes) encapsulated in the CNDs will permit

the application of different imaging techniques (e.g., film, SPECT, PET). Because these CNDs can

encapsulate a great number (2–1024)6,39 of radionuclides per macromolecule, they can deliver at

least a log fold more radioactivity to tumors than is possible with current radioimmunotherapeutic

technologies. This offers the added potential of imaging microscopic tumor burdens as seen in

micrometastases or minimal residual disease states. In the future, this amplified signal and mol-

ecular targeting capability could greatly aid in advancing the field of molecular imaging.106

Significantly, these composite nanodevices could be used for a combined imaging and therapy

of the tumors.6,39,106

Many attempts have been made to target radionuclides to tumors107–114 with the best known

approaches being the use of radiolabeled monoclonal antibody therapy or the use of surface

chelators bound to dendrimers. A detailed review and critique of these approaches is beyond the

scope of this chapter, and several useful reviews exist.115–118 In the past, radiolabeled antibodies for

direct tumor cell targeting have received wide interest for the purpose of receptor imaging. In

general, however, the penetration of these macromolecules into tumor tissue has been problematic

with typically only 0.001%–0.01% of the injected dose being localized to each gram of solid human

tumor tissue in man. Several factors account for this poor penetration: antibodies in the circulation

must travel across the endothelial cell layer and often through dense fibrous stroma before encoun-

tering tumor cells; the dense packing of tumor cells and tight junctions between epithelial tumor

cells hinders transport of the antibody within the tumor mass; the absence of lymphatics within the

tumor contributes to the buildup of a high interstitial pressure that opposes the influx of molecules

into the tumor core; antibodies entering the tumor become absorbed to the perivascular regions by

the first tumor cells encountered, leaving none to reach tumor cells at sites farther from the blood

vessels; and subpopulations of the rapidly mutating tumors can readily lose antigens targeted by the

antibodies. Therefore, researchers have turned toward the development of small radiolabeled

peptides that do not suffer from most of the aforementioned drawbacks.107–118

Tumor-directed antibody (or peptide) therapy has also not been able to deliver sufficient

targeted dose because only one radioactive molecule can often be linked to a given antibody (or

peptide), using a caged carrier to hold the radioactivity (e.g., DOTA).119 The specific activity of the

single radioactive moiety is also limited as it can damage the antibody if it is too high. This limits

the detection of microscopic tumors, and higher doses leading to better detection have not been

possible. This has also greatly limited any combination of imaging and therapy (where much higher

dose delivery is needed). This derives at least partly from the fundamental problem that, to increase

activity, one must increase substitution that tends to modify or obliterate the specificity of the

antibody or targeting dendrimer. Finally, the ability to carry out different forms of imaging (PET or

SPECT for example) is also limited by the chemistry necessary to place different isotopes onto the

same targeting antibody. These fundamental problems can be overcome by the use of CNDs to

deliver radioisotopes.119

Some of the fundamental problems that can be overcome by the use of targeted CNDs are those

of solubility and dose delivery. First, many radioisotopes are often practically insoluble in water or

body fluids, but they may become readily available in CNDs, i.e., in different sizes, contents, and

surfaces. Second, use of CNDs permits at least a log-fold higher delivery of radioactivity than that

available with current radioactive antibody therapies. As opposed to labeled antibodies that can

carry only one radioisotope, 1–1000 nuclei can be encapsulated in one CND6, allowing the delivery

of therapeutic dose amounts to tumor cells.

To justify the targeted dose delivery by the any approach, it has to be first demonstrated that the

treatment will be effective if the dose is delivered directly to the tumor (nanobrachytherapy). A

proof-of-concept research of the therapeutic efficacy on {198Au} radioactive composite nanode-

vices in tumors (conceptually, other nuclides with the desired specific activity could also be used in

the future, allowing the use of gamma, beta, alpha, or combinations of these radiations) has been

conducted. To take advantage of the flexibility of composite nanodevice systems, Systemically
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Targeted RadioTherapy (StaRT) is being developed to target radioactive nanodevices either to

tumors, to the tumor angiogenic microvasculature, or to both for the treatment of cancer. Before

carrying out these targeted experiments, however, an idea of the level of doses that could be

delivered by CNDs and if these doses were enough to slow or halt the growth of tumors was

needed. In order to test this idea of nanobrachytherapy, specific doses of radioactive CNDs were

directly injected into growing tumors, and the dose needed to significantly slow tumor growth was

examined. Once this dose is known, calculating if targeted devices intravascularly injected could

deliver these types of doses can be conducted (i.e., if it is feasible to proceed with targeted

nanodevice delivery).

B16 melanoma carrying mice were randomly sorted into three groups of seven mice with

approximately similar tumor volumes (w500 mm3). The control group was intra-tumorally

injected with PBS buffer, whereas the remaining two groups were intra-tumorally injected with

35 and 74 mCi of radioactive 198Au carrying composite nanodevice, respectively. A second control

experiment was carried out with the same nanodevice after the radioactivity of its guest component

decayed over time. The now cold {Au(0)} nanocomposite (corresponding to the original 74 mCi

sample) was injected intra-tumorally into one set of tumor bearing mice, and the second was again

injected with PBS buffer as control. The tumor volumes of all mice were recorded every other day

for eight days.

When compared to tumors injected with either cold nanocomposite or PBS (untreated), there

was a statistically significant slowing of tumor growth observed in tumor injected with 74 mCi of

radioactive gold nanocomposite (pZ0.03 in both cases). Although injection with the 35 mCi CND

did not significantly slow tumor growth, there was a noticeable trend toward slow tumor growth

(see Figure 28.24). It should be possible with the use of fractionated experiments (multiple injec-

tions over time) to be able to safely deliver these types of doses to tumors using targeted devices.

With radioactive antibodies, intraperitoneal/intravenous injections of 300–800 mCi of various

isotope/antibody combinations have been successfully utilized to slow tumor growth in mouse

xenograft models.120–123 It was also assumed that about 5%–10% of the 800 mCi injected dose

(approximately 40–80 mCi) to the tumor could be targeted as supported by data on folate-surfaced

targeted dendrimers79 and the literature above on other targeted devices. With these calculations,

the 35–74 mCi needed for tumor delivery from intravascular injections are feasible, especially if

fractionated treatment is contemplated.
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FIGURE 28.24 Treatment of melanoma tumors using radioactive Au-composite nanodevice. B16F10 mela-

noma tumors were grown in C57BL6/J mice to sizes of w500 mm3. (a) The mice were intra-tumorally injected

with PBS buffer (untreated control) and 35 and 74 mCi of radioactive 198Au carrying composite nanodevice

(CND), respectively (nZ7 for all three groups). (b) Mice were intra-tumorally injected with PBS buffer

(untreated control) and cold nanodevice corresponding to the original 74 mCi radioactive Au-CND (nZ3

for both groups). The tumor volumes of all mice were recorded every other day for eight days.
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These experiments demonstrate for the first time that radiation therapy (nanobrachytherapy or

systemic STaRT) with targeted composite nanodevices is feasible, and experiments are now being

conducted to move this entire field forward with more detailed determination of the appropriate

fractionation schemes for maximal tumor control using targeted composite nanodevices. Direct

intratumoral injection gave a rough idea of the doses needed to do this, and they seemed reasonable

given prior radioactive antibody data currently available in the literature. Importantly, for some

tumors, direct injection of radioactive nanodevices may itself be a treatment.
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DEFINITIONS

Nanoscience The science of the phenomena related to nanoscale materials and/or devices. It refers

to the multi-disciplinary study of materials, processes, and mechanisms that have distinc-

tive properties (chemical, physical, and biological) from the molecular (i.e., !1 nm) to the

sub-micrometer scales (i.e., O100 nm) because of quantum-size effects.

Nanotechnology A wide range of possible technologies that encompass the incorporation of

engineered or manufactured devices or materials with critical length scales between

approximately 1 nm and 100 nm, and applications that exploit specific properties and

functions of nanosized materials and/or devices.

Particle Any object that has a persistent surface and an interior that may be different from

the surface.

Nanodevice A surface modified multifunctional nanoparticle that is able to perform

different functions.

Cluster Aggregations of atoms that are too large to be referred to as molecules and too small to

resemble small pieces of crystals. Clusters generally do not have the same structure or

atomic arrangement as a bulk solid and can change structure with the addition of just one

or a few atoms. As the number of atoms (and their degree of freedom) increases, eventually

a crystal-like structure may be established. Cluster science is devoted to understanding the

changes in fundamental properties of materials, as a function of size, evolving from

isolated atoms or small molecules to a bulk phase.1,2

Aggregates Dendrimers or nanoparticles held together by weak physical forces.

Nomenclature To describe the complex structure of these nanoscopic complexes and nanocompo-

sites, the following convention is used to describe the composition of the synthesized

nanomaterials: brackets denote complexes, and braces represent nanocomposite

structures. Within the brackets or braces, the complexed or encapsulated components
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are listed (with an index of their average number per dendrimer molecule) followed by the

family of dendrimers and the terms used for identification, i.e., core, generation, and

surface. Naming of the materials will follow this pattern. For instance,

PPI_DAB4.(NH2)16 describes a diaminobutane core poly(propyleneimine) dendrimer

molecule with 16 primary amine terminal groups, and PAMAM_E5.(NH2)44(NHOAc)66

denotes a generation five ethylenediamine core poly(amidoamine) dendrimer material

with an average of 44 primary amine and 66 acetamide terminal groups (Please observe

that the sum of these numbers are less than the theoretical 128, indicating that these are

measured average numbers). All known properties can be listed by using this principle.

Nanocomposites are also named according to the same pattern {(component#1)i(com-

ponent#2)j.-FAMILY_Core.Generation.Terminal group}Therefore, the formula

{(Au0)14.5-PAMAM_E4.NH2} denotes a gold dendrimer nanocomposite where a gener-

ation 4 amine terminated ethylenediamine (EDA or E for short) core poly(amidoamine)

(PAMAM) dendrimer contains 14.5 zerovalent gold atoms per dendrimer molecule on

average. The above scheme provides a relatively simple, but consistent, way to identify

materials with a complicated structure. Additional descriptors may be added to the super-

scripts/superscripts and parentheses can be embedded into each other, e.g.,

fðAu0Þ10-E5:NH2g250G10

The composite listed above denotes an aggregate particle composed of 250G10 primary

composite nanoparticles. When it is trivial, that dendrimer family is used; one may follow

the shorter pattern and omit naming the family. Therefore, {(Au0)10-PAMAM_E5.NH2}

and {(Au0)10-E5.NH2} may be considered to be equivalent names if only PAMAMs

are used.
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29.1 INTRODUCTION

In the last two decades, major advances in the use of injectable drug delivery systems for the

treatment of cancer have occurred. These include macromolecular conjugates, liposomes, and other

nanoparticles. Poly(ethylene glycol) (PEG)-modified liposomal doxorubicin (Doxil, Caelyx) was

the first liposomal anti-cancer drug to be approved by the Food and Drug Administration,1 whereas

paclitaxel albumin-bound particle suspension (ABI007, Abraxane) was recently approved for the

treatment of metastatic breast cancer.2 The ultimate goal behind the development of these sophis-

ticated drug delivery systems is to improve the efficacy and decrease the side effects of new and old

anti-cancer drugs. To achieve this goal, changes in the pharmacokinetics, biodistribution, and

bioavailability profile leading to a positive impact on the drug pharmacodynamics are required.

This chapter will focus on injectable liposome-based drug delivery systems of anti-cancer

drugs, the most widely used drug nanoparticle in cancer. Liposomes are vesicles with an

aqueous interior surrounded by one or more concentric bilayers of phospholipids with a diameter

ranging from a minimal diameter of w30 nm to several microns.3 However, for injectable

clinical applications, practically all liposome formulations are in the submicron ultrafilterable
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range (!200 nm size) and can be considered as nanosize particulate systems. Liposomes are

spontaneously formed when amphiphilic lipids such as phospholipids are dispersed in water.

The ensuing structures are physically stable supramolecular assemblies, and, unlike polymerized

particles, they are not covalently bound. Whether the drug is encapsulated in the aqueous core or in

the surrounding bilayer of the liposome is dependent on the characteristics of the drug and the

encapsulation process.4 In general, water-soluble drugs are encapsulated within the central aqueous

core, whereas lipid-soluble drugs are incorporated directly into the lipid membrane.

The current trend is to classify liposomes into a class of pharmaceutical devices in the nano-

scale range engineered by physical and/or chemical means, and referred to as nanomedicines.5 The

field of nanomedicines is rapidly evolving and aims at increased sophistication in the design of

nanosize devices and their interactions with cellular targets at the nanoscale level. In fact, lipo-

somes are the first generation of nanomedicines approved for treatment of cancer (Doxil, described

later in this chapter) and fungal infections (Ambisome, containing amphotericin B). Current lipo-

some formulations involve a slow drug release system and a passive targeting process known as

enhanced permeability and retention (EPR) that will be discussed later in this chapter.
29.2 THE CHALLENGE OF CANCER THERAPY

Current understanding of the molecular processes underlying the pathologic behavior of cancer

cells has progressed enormously in the last decade.6 Of particular relevance to cancer targeting is

the fact that a number of receptors, mostly growth factor receptors, have been found to be over-

expressed in tumor cells and to play an important role as catalysts of growth. Receptor profiling of

tumors may offer a potential Achilles heel for targeting specific ligands or antibodies with or

without delivery of a cytotoxic drug cargo.7 In addition, the pathophysiology of tumor neovascu-

lature and the interaction of tumor with stroma have been recognized as processes that play a major

role in tumor development. Cancer is ultimately a disease caused by somatic gene mutations that

result in the transformation of a normal cell into a malignant tumor cell. Eventually, the tumor cell

phenotype progresses along three major steps:8

1. Increased proliferation rate and/or decreased apoptosis, causing an increase of tumor

cell mass.

2. Invasion of surrounding tissues and switch on of angiogenesis. This is a critical step that

differentiates in situ, non-invasive tumors with no metastatic potential from invasive

tumors with metastatic and life-threatening potential.

3. Metastases, i.e., abnormal migration of tumor cells from the primary tumor site via blood

vessels or lymphatics to distant organs with formation of secondary tumors. Most

commonly, this is the process that causes death of the host because of disruption of

the function of vital organs or systems (brain, lung, liver, kidney, bone marrow, coagu-

lation, intestinal passage, and other).

Despite formidable advances in clinical imaging, the diagnosis of a tumor mass requires usually

the presence of a nodule of w10 mm diameter representing a cluster of 109 cells.* Because the

lethal tumor burden is in the order of 1012 cells in most cancer patients, this implies that tumors

have already gone through 3/4 of their doubling cell expansion process by the time of clinical

diagnosis. As a result, significant heterogeneity and phenotypic diversity are already present in
* This does not apply to superficial skin tumors that can be recognized often when they are only 2–3 mm diameter and

contain clusters of w107 cells. Occasionally, modern imaging techniques (high resolution CT scan, MRI) can detect deep-

seated lesions with suspected cancer features that are smaller than 10 mm.

q 2006 by Taylor & Francis Group, LLC



Applications of Liposomal Drug Delivery Systems to Cancer Therapy 597
most diagnosed cancers, posing a major therapeutic challenge as a result of the development of

metastatic ability and drug resistance.

In addition to the lack of specificity of chemotherapeutic (cytotoxic) agents, a number of

physiologic factors can seriously limit the efficiency of drug distribution from plasma to tumors

and neutralize their effects. These include competition for drug uptake of well-perfused tissues such

as liver and kidneys, rapid glomerular filtration and urinary excretion of low-molecular-weight

drugs, protein binding with drug inactivation (e.g., cisplatin), and stability problems in biological

fluids (e.g., hydrolysis of nitrosoureas, opening of lactone ring of camptothecin analogs).
29.3 THE RATIONALE FOR THE USE OF LIPOSOMAL DRUG CARRIERS

The rationale for the use of liposomes in cancer drug delivery is based on the following pharma-

cological principles:1

1. Slow drug release: drug bioavailability depends on drug release from liposomes. Entrap-

ment of drug in liposomes will slow down drug release and reduce renal clearance to a

variable extent. Slow release may range from a mere blunting of the peak plasma levels

of free drug to a sustained release of drug, mimicking continuous infusion. These phar-

macokinetic changes may have important pharmacodynamic consequences with regard

to toxicity and efficacy of the liposome delivered agents.

2. Site avoidance of specific tissues: the biodistribution pattern of liposomes may lead to a

relative reduction of drug concentration in tissues specifically sensitive to the delivered

drug. This may have implications with regard to the therapeutic window of various

cytotoxic drugs such as the cardiotoxic anthracyclines, provided that anti-tumor efficacy

is not negatively affected.

3. Accumulation in tumors: prolongation of the circulation time of liposomes results in

significant accumulation in tissues with increased vascular permeability. This is often the

case of tumors, especially in those areas with active neoangiogenesis.9 Tumor local-

ization of long-circulating liposomes such as pegylated liposomes, sometimes referred to

as Stealth or sterically-stabilized,10 is a passive targeting effect, enabling substantial

accumulation of liposome-encapsulated drug in the interstitial fluid at the tumor site,11

a phenomenon sometimes referred as EPR effect.
29.4 DIFFERENTIAL FACTORS ON THE PHARMACOKINETICS OF LOW-

MOLECULAR-WEIGHT DRUGS AND LIPOSOMES

There are a number of differential effects of physiologic factors on clearance and biodistribution of

low-molecular-weight drugs and nanoparticles such as liposomes.
q 2006
† Protein binding: low-molecular-weight drugs may be inactivated and/or irreversibly

bound by plasma proteins, reducing the bioavailability toward cellular target molecules.

This is the case of cisplatin, a widely used anti-cancer cytotoxic drug. In the case of

nanoparticles, plasma proteins can adsorb to their surface, a process known as opsoniza-

tion that results in tagging the particle for recognition and removal by macrophages. In

addition, protein binding to the liposome surface may de-stabilize the bilayer and accel-

erate the leakage of liposome contents. PEG coating (PEGylation) of liposomes reduces

opsonization and the effects associated with it.

† Reticulo-endothelial system (RES) clearance: it is unimportant for low-molecular-

weight drugs, but it plays a major role in the clearance of nanoparticles, reducing the
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TABLE 29.1
Parameters Affecting Delivery of Liposomal Drugs to Tumors

Tumor Factors Liposome Factors

Blood flow Long circulation time

Vascular permeability Stability (drug retention)

Interstitial pressure Small vesicle size

Phagocytic activity Saturation of the RES

For a detailed discussion of these factors, see text.
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fraction available for distribution to tumor tissue. Kupffer cell macrophages lining the

liver sinusoids remove opsonized liposomes and other nanoparticles from circulation and

represent a major factor in the clearance of particulate carriers.

† Glomerular filtration: unless they become protein-bound, low-molecular-weight drugs

can be filtered out by kidney glomeruli. In contrast, liposomes and other nanoparticles

are non-filterable because their radius exceeds the glomerular filterable threshold size.

† Microvascular permeability: enhanced microvascular permeability with fenestrations in

capillaries and post-capillary venules is critical for extravasation of nanoparticles from

the blood stream to the interstitial fluid of target tissues. The presence of fenestrations is

irrelevant for tissue delivery of small molecules.

† Extravascular transport: diffusion is the predominant mechanism of transport for small

molecules. In contrast, convective transport plays a major role in the extravascular

movement of nanoparticles for which diffusion rates are very slow.12 Large tumors

tend to develop high interstitial pressure that reduces the rate of convective transport.

In fact, in an animal model, it has been shown that liposomes accumulate significantly

less in larger tumors on a per gram tissue basis.13 In agreement with this, large tumor size

predicts poor response to liposome-delivered chemotherapy in ovarian cancer.14
Table 29.1 lists a number of tumor and liposome factors that play an important role in the

delivery of liposomal drugs. On the tumor side, a rich blood flow and highly permeable micro-

vascular bed will increase the probability of liposome deposition, whereas a high interstitial fluid

pressure is likely to reduce the movement of molecules and particles into the tumor compartment.

On the liposome side, avoiding drug leakage and prolonging the circulation time will result in more

liposomes reaching the tumor vascular bed with an intact drug payload, and a small vesicle size will

facilitate extravasation through the endothelium gaps or fenestrations. There are also data indicat-

ing that saturation of the RES will prolong circulation time and indirectly enhance liposome

deposition in tumors.15
29.5 CORRELATION BETWEEN LIPOSOME FORMULATION AND LIPOSOME

PHARMACOKINETICS-STEALTH LIPOSOMES

In 1971, Gregoriadis et al.16 published the first research work where liposomes were used as drug

carriers for medical applications. This initial study led to growing interest in liposomes, and many

laboratories began examining liposome pharmacokinetics and biodistribution in animals as well as

in vitro stability in serum. The early liposome work was mostly based on formulations composed of

neutral egg lecithin (PC), often in combination with negatively or positively charged lipids. These

liposomes were found to rapidly release a large fraction their encapsulated contents in circulation

and were quickly removed from circulation by macrophages of the RES residing in liver and spleen.
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Reformulation with high phase-transition temperature (Tm) lipids (distearoyl-PC, dipalmitoyl-PC,

sphingomyelin) and an addition of cholesterol led to improved retention of liposome contents

and prolongation of circulation time, especially when the vesicles were properly downsized to

!100 nm diameter. However, these relatively improved liposome formulations would still largely

accumulate in the RES, and a greater improvement in circulation half-life appeared to be required

for cancer targeting. Surface modifications of liposomes that could reduce the RES affinity were

investigated based on the erythyrocyte paradigm whereby a layer of carbohydrate groups prolong

circulation for nearly three months. A number of glycolipids such as monosialoganglioside (GM1),

phosphatidyl-inositol, and cerebroside sulfate were included in the formulations and, indeed,

extended liposome circulation time.17,18 However, a major leap forward took place when the

hydrophilic polymer PEG that was known to reduce immunogenicity and prolong circulation

time when attached to enzymes and growth factors was introduced into liposomes in the early

1990s. PEG that is inexpensive as a result of easy synthesis and that could be prepared in high purity

and large quantities had distinct advantages over the other glycolipid surface modifiers. Addition of

a conjugate of PEG with a lipid anchor, distearoyl-phosphatidylethanolamine (PEG–DSPE), to the

liposomal formulation was shown to significantly prolong liposome circulation time10,19–22 and

formed a pivotal element of the pharmaceutical development of the DOXIL formulation described

thereafter in this chapter. Because of their ability to avoid/escape RES clearance mechanisms, PEG-

coated liposomes have been coined Stealth* liposomes.23 In general, the pharmacokinetic variables

of the liposomes depend on the liposomes’ physicochemical characteristics such as size, surface

charge, membrane lipid packing, steric stabilization as conferred by PEG coating, dose, and route

of administration.

It should be noted that the pharmacokinetic disposition of liposome-associated agents is depen-

dent on the carrier until the drug is released from the carrier. Therefore, the pharmacology and

pharmacokinetics of drugs delivered in liposomes are complex, and ideally, studies must be done to

evaluate the disposition of the entrapped form of the drug and of the released active drug. A

prerequisite for these types of studies is to develop the proper methodology to discriminate

between both forms of the drug in plasma.

In parallel to the development of stable formulations with long circulation half-life, it was soon

realized that a prolonged residence time in circulation was a critical pharmacokinetic factor for

liposome deposition in tumors and that there was a strong correlation between liposome circulation

time and tumor uptake.18 A number of studies have addressed the mechanism of liposome accumu-

lation in tumors. Microscopic observations with colloidal gold-labeled liposomes24 and

morphologic studies with fluorescent liposomes in the skin-fold chamber model25 have demon-

strated that liposomes extravasate into the tumor extracellular fluid through gaps in tumor

microvessels and are found predominantly in the perivascular area with minimal uptake by

tumor cells. Studies with ascitic tumors demonstrate a steady extravasation process of long circu-

lating liposomes into the ascitic fluid with gradual release of drug followed by drug diffusion into

the ascitic cellular compartment.26,27 The process underlying the preferential tumor accumulation

of liposomes as well as other macromolecular and particulate carriers is known as EPR effect.28

This is a passive and non-specific process, resulting from increased microvascular permeability and

defective lymphatic drainage in tumors creating an in situ depot of liposomes in the tumor inter-

stitial fluid. Circulating liposomes cross the leaky tumor vasculature, moving from plasma into the

interstitial fluid of tumor tissue following convective transport and diffusion processes. Although

convective transport of plasma fluid occurs also in normal tissues, the continuous, non-fenestrated

endothelium and basement membrane prevents the extravasation of liposomes. EPR is relatively a

slow process where long-circulating liposomes possess a distinct advantage because of the repeated
* Stealth is a registered trademark of Alza Corp., Mountain View, CA.
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passage through the tumor microvascular bed and their high concentration in plasma during an

extended period of time.

For any intra-vascular drug carrier device to access the tumor cell compartment and interact

with tumor cell receptors, it must first cross the vascular endothelium and diffuse into the interstitial

fluid because, with few exceptions, tumor cells and their surface receptors are not directly exposed

to the blood stream. Therefore, the EPR effect is not only important for the tumor accumulation of

non-targeted liposomes but also for that of ligand-targeted liposomes. This has led to the assertion

that the extravasation process is the rate-limiting step of liposome accumulation in tumors.29

Experimental data with targeted and non-targeted liposomes have so far lent consistent support

to this hypothesis.30

In most instances, delivery of drug to tumor cells depends on the release of drug from liposomes

in the interstitial fluid because liposomes are seldom taken up by tumor cells unless they are tagged

with specific ligands. The factors controlling this process and its kinetics are not well understood

and may vary among tissues, depending on the liposome formulation in question. In the case of

remote-loaded formulations, that is often the case of anthracyclines, a gradual loss of the liposome

gradient retaining the drug in addition to disruption of the integrity of the liposome bilayer by

phospholipases may be involved in the release process. Uptake by tumor-infiltrating macrophages

could also contribute to liposomal drug release. In any case, once the drug is released from

liposomes, it will freely diffuse through the interstitial tumor space and reach deep layers of

tumor cells. This is an inherent advantage of this delivery system as opposed to covalently

bound drug-carrier systems. It is also a critical factor for the success of the liposomal drug approach

because most of the liposomes appear to remain in interstitial spaces immediately surrounding the

blood vessels,24,25 and therefore would not be able to interact with more than one layer of tumor

cells. As a result, the ability of the liposome to effectively carry the anti-cancer agent to the tumor

and the ability to release the drug at a satisfactory rate in the tumor extracellular fluid are equally

important factors in determining the anti-tumor effect of liposomal-encapsulated anti-

cancer agents.

The EPR effect has been confirmed in a variety of implanted tumor models. Its validity

regarding human tumors and, particularly, cancer metastases is unclear as yet. One point of

concern is the fact that interstitial fluid pressure increases in most tumors once they grow above

a certain size threshold,31 therefore hindering extravascular transport and liposome delivery. Unfor-

tunately, there is a paucity of imaging studies in cancer patients with radiolabeled liposomes. One

of the few studies with radiolabeled pegylated liposomes demonstrated significant liposome

accumulation based on tumor imaging findings in 15/17 patients tested.32 In another study where

tumor metastases and normal muscle tissues of two breast cancer patients were examined for

doxorubicin concentration after injection of pegylated liposomal doxorubicin (PLD), liposomal

drug was found at 10-fold greater concentration in tumor as compared to muscle.33 Another

important piece of work in this area is the study of Northfelt et al.34 that pointed to an enhanced

deposition of drug in Kaposi’s sarcoma (KS) skin lesions of patients receiving PLD as compared to

normal skin of the same patients and to doxorubicin concentration in KS biopsies of patients

receiving free doxorubicin.
29.6 PRECLINICAL OBSERVATIONS WITH LIPOSOMAL ANTHRACYCLINES

The drugs most frequently incorporated and evaluated in liposomal formulations are anthracy-

clines, including doxorubicin and daunorubicin. The choice of doxorubicin by many of the early

research groups examining the role of liposomes as drug carriers in cancer chemotherapy stems

from its broad spectrum of anti-tumor activity on the one hand, and its disturbing cumulative dose-

limiting cardiac toxicity. Anthracyclines such as doxorubicin and daunorubicin cause acute toxic

side effects, including bone marrow depression, alopecia, and stomatitis, and they are dose limited
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by a serious and mostly irreversible characteristic cardiomyopathy.35 The first study describing the

encapsulation of anthracyclines into liposomes appeared in 1979.36 Work from various research

groups followed soon after, supporting the general principle that liposomal formulations reduced

the toxicity of anthracyclines in animal models.37

Based on the Stealth concept and using an elegant drug-loading mechanism, a formulation of

PLD known as DOXIL (Caelyx in Europe) has been developed (Figure 29.1). The loading

mechanism, coined remote (active) loading, is based on an ammonium sulfate gradient, leading

to marked accumulation of doxorubicin inside the aqueous phase of the liposome (w15,000

doxorubicin molecules/vesicle). At high concentration, the entrapped drug forms a crystallinelike

precipitate, contributing to the stability of the entrapment.38,39 This loading technology provides

substantial stability with negligible drug leakage in circulation while still enabling satisfactory rates

of drug release in tissues and malignant effusions.40

Studies in animal tumor models with doxorubicin encapsulated in pegylated and other long-

circulating liposomes have demonstrated increased anti-tumor activity of liposomal drug as

compared to optimal doses of free drug in various rodent models of syngeneic and human

tumors and increased accumulation of liposomal drug in various transplantable mouse and

human tumors as compared to free drug with a delayed peak tumor concentration and slow

tissue clearance after injection of liposomal drug.40

The most valuable pharmacokinetic advantage of the Stealth liposomal delivery system is the

enhancement of tumor exposure to doxorubicin as a result of the accumulation of liposomes in

tumors by the EPR effect (Figure 29.2) as demonstrated in animal models and in some forms of

human cancer. When the tissue uptake of PLD was examined in a couple of syngeneic mouse tumor

models, it was found that tumor drug uptake linearly correlated with dose, and liver drug uptake

showed a saturation profile. In the case of free doxorubicin, liver uptake linearly increased with

dose, and tumor uptake marginally increased with dose. As a result, the delta of tumor drug

concentration in favor of PLD was substantially greater at high doses.15 These results suggest
FIGURE 29.1 Schematic diagram of pegylated (Stealth) liposome encapsulating doxorubicin in the water

phase (DOXIL, PLD). The PEG coating is critical for stabilizing and protecting the liposome surface from

opsonization by plasma proteins, conferring prolonged circulation time. The gradient-driven loading of doxo-

rubicin results in a high drug concentration and gelification in the liposome water phase, ensuring stable drug

retention during circulation.
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FIGURE 29.2 (See color insert following page 522.) Deposition of PLD in M109 carcinoma subcutaneously

implanted in BALB/c mice by the EPR effect. The mouse was sacrificed 48 h after intravenous injection of

20 mg/kg PLD. Left panel: note the red-orange to bluish color in the tumor and peritumoral halo, suggesting

accumulation of doxorubicin. Right panel: note the strong tumor fluorescence observed with UV light,

confirming the presence of large amounts of doxorubicin. The drug levels measured in doxorubicin-

equivalents were: tumor, 86 mg/g (i.e., w35% of injected dose per gram); peritumoral halo, 40 mg/g;

normal skin, 0.5 mg/g.
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a passive process of liposomal uptake into tumor with non-saturable kinetics, whereas the liver

uptake is mediated by receptor-mediated endocytosis and shows a saturable profile.

In preclinical therapeutic studies using a variety of rodent tumors and human xenografts in

immunodeficient nude mice, PLD was more effective than free doxorubicin and other (non-pegy-

lated) formulations of liposomal doxorubicin.11 In a few instances, the activity of PLD preparations

was matched, but not surpassed, by non-pegylated preparations of liposomal doxorubicin.1 In many

of these studies, the improved efficacy of PLD was obtained at milligram-equivalent doses to the

MTD of free doxorubicin, indicating that there was a net therapeutic gain per milligram drug,

independently of toxicity buffering. A study addressing this issue examined the activity of esca-

lating doses of PLD and doxorubicin against implants of the mouse 3LL tumor and concluded that

the activity of 1–2 mg/kg DOXIL was approximately equivalent to 9 mg/kg doxorubicin, i.e., a

6-fold enhancement in efficacy.41 Similar observations were made in the M109 model pointing to a

4-fold advantage for PLD as compared to free doxorubicin, i.e., a dose of 2.5 mg/kg PLD was at

least as effective as 10 mg/kg free doxorubicin.15

There is a large body of preclinical data on other liposome formulations of anti-cancer agents

moving into clinical development or already approved for clinical use. A tentative list of these

formulations is presented in Table 29.2. Obviously, in some cases, the added value of these

formulations has not been or will not be sufficient to justify further development despite positive

preclinical data.
29.7 LIPOSOMAL ANTHRACYCLINES IN THE CLINIC—DOXIL (PLD)

The anthracycline antibiotic doxorubicin has a broad spectrum of antineoplastic action and a

correspondingly widespread degree of clinical use. In addition to its role in the treatment of

breast cancer, doxorubicin is indicated in the treatment of various cancers of the lymphatic and

hematopoyetic systems, gastric carcinoma, small-cell cancer of the lung, soft tissue, and bone

sarcomas as well as cancer of the uterus, ovary, bladder, and thyroid. Unfortunately, toxicity
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TABLE 29.2
Formulations of Liposomal Anti-Cancer Agents Clinically Testeda

Pegylated Non-Pegylated Regional Therapy Non-Cytotoxic

DOXIL (PLD)a Myocet71 DepoCyt (intrathecal)72 L-MTP-PE73

PLD with DSPC74,b DaunoXome75 L-NDDP (intrapleural)76 Liposomal ATRA77

MCC-465

Immunoliposome78

Liposomal Annamycin79 Liposomal Camptothecin

(aerosol)80

BLP25 Liposomal Vaccine81

SPI-07763 Liposomal Vincristine57 Liposomal IL2 (aerosol)82 Liposomal antisense ODN83

Lipoplatin84 Lurtotecan/OSI-21156,85 Liposomal E1A (intra-

tumoral)86

S-CKD60287,c OSI-7904L (TS inhibitor)88

LE-Paclitaxel58

a This list refers to formulations tested in the last 10 years and does not intend to be comprehensive given the difficulties

involved in tracking all the relevant publications.
b This formulation is from Taiwan and differs from DOXIL in that DSPC is the main lipid component.
c Published information on this formulation of a topo I inhibitor is available only in abstract form. The reference given here

refers to a preclinical study done with a similar formulation.
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often limits the therapeutic activity of doxorubicin and may preclude adequate dosing. Other

common complications of conventional anthracycline therapy include alopecia and dose-limiting

myelosuppression. Most importantly, cardiotoxicity limits the cumulative dose of conventional

anthracycline that can be given safely.42

Encapsulation of anthracyclines within liposomes significantly alters the drug pharmacokinetic

profile with a tendency to selective enhancement of drug concentration in tumors.43 In animal

studies, these pharmacologic effects resulted in maintained or enhanced anthracycline efficacy and

safety in a variety of experimental tumor types.44 Improved safety and/or therapeutic profile of

liposomal anthracycline therapy in KS, ovarian cancer, breast cancer, and multiple myeloma have

been reported.45 The relative lack of cardiotoxicity with liposomal anthracycline therapy is an

important asset of the liposomal approach.42 Therefore, in most instances where conventional

anthracycline therapy is effective but the required course of treatment could lead to a high risk

of toxicity, the use of liposomal anthracyclines should be preferred.

The most commonly used liposomal anthracycline formulation in the clinic is DOXIL

(DOXILw, Caelyxw, PLD). PLD embodies the pharmacokinetic advantages of stealth liposomes

(Figure 29.1). The PLD formulation consists of doxorubicin encapsulated in pegylated liposomes

formulated with a hydrogenated soybean PC and cholesterol.40 PLD was granted initial market

clearance in 1995 by the U.S. Food and Drug Administration (FDA) for use in treatment of AIDS-

related KS. In 1999, PLD was granted U.S. market clearance for use in the treatment of recurrent

metastatic carcinoma of the ovary based on a superior therapeutic index over topotecan, the

comparator drug. In January 2003, the European Commission of the European Union granted

centralized marketing authorization to PLD as monotherapy for metastatic breast cancer based

on equivalent efficacy to doxorubicin and reduced cardiac toxicity. In addition, a phase III trial

recently completed in the U.S. and Europe investigating the safety and efficacy of PLD as a

replacement for doxorubicin in multiple myeloma found equal efficacy and reduced toxicity for

PLD treatment, paving the way for PLD to become standard therapy in multiple myeloma.46

PLD was recognized 10 years ago as a liposomal doxorubicin formulation with unique phar-

macokinetics and had a major change in the clinical toxicity profile. Clinical pharmacokinetic

studies have indicated that PLD dramatically prolongs the circulation time of doxorubicin

in agreement with preclinical studies. In 1994, the results of a pharmacokinetic study where
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15 patients were sequentially given the same dose in drug-equivalents of free doxorubicin and PLD

were published.47 A dramatic reduction in the drug clearance and volume of distribution resulting in

a 1000-fold increase in the area under the curve (AUC) was observed with the liposomal formu-

lation. It was also found that practically all the drug circulating in plasma is in liposome-

encapsulated form. Metabolites in plasma were undetectable or were present at very low levels.

However, they were readily detected in urine 24 hours or later after injection, indicating that the

drug had become bioavailable. The following drug distribution picture had emerged from this

initial study and more recent ones:40

1. Drug circulates in plasma for prolonged periods of time (half-life in the range of

w50–80 hours) in liposome-encapsulated form. Despite its prolonged presence in

blood, the drug is not bioavailable as long as it remains in the interior of a

circulating liposome.

2. Most of the injected drug (O95%) is distributed to tissues in liposome-encapsulated

form. Once in tissues, drug leakage and liposome breakdown with or without liposome

internalization by cells gradually provides a pool of bioavailable drug.

3. The rate of metabolite production is slower than the rate of renal clearance of meta-

bolites. As a result, metabolites do not accumulate in plasma but can be detected in urine.

4. A small fraction of injected drug (!5%) leaks from circulating liposomes and is handled

as free drug with fast plasma clearance and rapid metabolism. This drug fraction is the

source of small amounts of metabolites that can be sometimes detected in plasma.

In 1995, a phase I study of PLD in patients with solid tumors48 provided clear evidence of a

major change in the toxicity profile with muco-cutaneous toxicities as the major dose-limiting

toxicities. In contrast, myelosuppression and alopecia were minor and cardiotoxicity was conspicu-

ously absent. The maximal tolerated dose was established as 60 mg/m2 with mucositis being the

dose-limiting toxicity. It was also found that the optimal dosing interval for retreatment was four

weeks, rather than the standard 3-week schedule of doxorubicin. The dose-schedule limiting

toxicity was a form of skin toxicity known as hand-foot syndrome, also referred to as palmar-

plantar erythrodysesthesia (PPE), that appears to be related to the long half-life of PLD. Therefore,

it became well-established that the PLD formulation imparts a significant pharmacokinetic–phar-

macodynamic change to the drug doxorubicin, unprecedented in magnitude for any intravenous

drug delivery system. Later, data gathered from further clinical studies in metastatic breast cancer

and recurrent ovarian cancer brought down the recommended dose of PLD from 60 to 40–50 mg/m2

once every four weeks.49 This dose reduction was needed mainly to prevent skin toxicity, resulting

from successive courses of therapy.

KS is a multi-focal tumor affecting skin and sometimes mucosas well known for its very high

microvascular permeability. Profuse extravasation of colloidal gold-labeled Stealth liposomes in a

transgenic mouse model of KS has been shown.50 In AIDS patients, KS is frequent and has an

aggressive course. Therefore, this condition was chosen for initial clinical testing of PLD in phase

II-III studies. Indeed, PLD as single agent therapy demonstrated a significantly greater efficacy and

better safety than standard chemotherapy (combinations of bleomycin and vincristine with or

without doxorubicin) and was also effective as second line chemotherapy in pretreated patients.

Because of the extreme sensitivity of KS to chemotherapy, a low and relatively subtoxic dose of

20 mg/m2 every three weeks is sufficient for effective treatment.51

Further to the successful application in various malignant conditions, there was another major

development in the clinical research with PLD related to the prevention of the cardiac toxicity of

doxorubicin. Evaluation of the cardiac function in patients receiving PLD revealed a major risk

reduction of cardiotoxicity as compared to free doxorubicin historical data. A retrospective analysis

of patients treated with large cumulative doses of PLD did not reveal any significant cardiac toxicity
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despite the fact that some of these patients were treated with three times as much as the maximal

cumulative dose acceptable for free doxorubicin.52 Two additional reports focusing on cardiac

biopsies of PLD-treated patients at high cumulative doses demonstrated minimal pathology find-

ings in line with the lack of clinical cardiotoxicity.53,54 The cardiac safety of PLD was confirmed in

a phase III study in metastatic breast cancer, showing a drastic reduction in cardiotoxicity in PLD-

treated patients in comparison to free doxorubicin treatment.55
29.8 DEVELOPMENT OF OTHER LIPOSOME-ENTRAPPED

CYTOTOXIC AGENTS

Besides anthracyclines, other cytotoxic compounds currently being developed in liposomes

include: Topoisomerase I inhibitory properties such as camptothecin analogs,56 mitotic spindle

poisons such as Vinca alkaloids and taxanes,57,58 and DNA-reactive agents such as cisplatin,59 and

mitomycin C (MMC).60 For cell cycle phase-specific cytotoxic drugs of the first two groups (e.g.,

topotecan, vinorelbine), the anti-tumor activity tends to increase with liposome encapsulation as the

time of exposure is extended by exploiting the liposomal slow release features. An additional

advantage for liposome encapsulation of camptothecin analogs derives from their improved stab-

ility in the mildly acidic environment of the liposome water phase as opposed to the instability of

their active lactone configuration when present in free form at pH 7.4 in plasma. For cisplatin, a

major advantage of liposome encapsulation would be reduction of the nephrotoxicity. At this time,

none of these compounds have yet been approved by a regulatory agency and none has gone

through phase III studies.

It should be noted that the development of liposomal formulations of cytotoxic agents has often

failed for different reasons. The formulation of a liposomal anti-cancer agent is a complex process

with at least three distinct variables that may affect the outcome and the risk of failure: the design of

the liposome carrier, the choice of the drug, and the method of drug encapsulation. One example

illustrating the complexity of the relationship between formulation and pharmacological effects is

provided by a product known as SPI-77, consisting of cisplatin encapsulated in pegylated lipo-

somes. These liposomes have long-circulating characteristics, retain the drug in plasma

exceedingly well, reduce drug toxicity, and produce a high and long-lasting accumulation of

drug in implanted tumors.61 However, because the Pt exposure was measured in tumor extracts,

it is unclear whether the Pt measured was SPI-77 (i.e., liposomally encapsulated Pt), protein-bound

Pt, or unbound Pt. The anti-tumor activity of SPI-77 in preclinical models was variable and, in some

cases, inferior by comparison to free drug.61 In clinical studies, SPI-77 was inactive and showed no

dose-limiting toxicities even at doses greater than 2-fold the MTD of free cisplatin.62 It turned out

that cisplatin release from these liposomes was minimal in in vitro61 as well as in vivo systems as

indicated by the low occurrence of DNA adducts, resulting in a major reduction of bioavailability.63

Indeed, microdialysis experiments in animal tumor models suggest that the amount of unbound Pt

released by SPI-77 in tumor extracellular fluid is significantly lower when compared with free

cisplatin.64 The lack of activity of SPI-77 in early-phase clinical studies has led to the discontinu-

ation of its further clinical development.

In some instances, a strategy based on chemically modifying the drug is needed to achieve

stable encapsulation. It is a formidable challenge to develop liposome formulations that retain the

drug payload in the blood stream during prolonged periods of circulation, thereby taking full

advantage of the pharmacokinetic and biodistribution benefits of the pegylated liposomal carriers.40

Passive encapsulation of MMC in liposomes and even encapsulation of cyclodextrin–MMC

complexes in liposomes did not result in stable formulations as a result of the rapid leakage of

MMC. Recently, an alternative approach to delivering MMC via long-circulating liposomes has

been proposed based on the design of a lipophilic prodrug with excellent retention in liposomes, but

gradually releasing active MMC upon exposure to appropriate environmental conditions.60
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Attachment of drugs to bilayer-compatible lipids can ensure prolonged association with a lipo-

some.65,66 The MMC prodrug consists of a conjugate of MMC attached to 1,2-distearoyl glycerol

lipid via a cleavable dithiobenzyl linker. Upon thiolytic cleavage of the disulfide-substituted benzyl

urethane, MMC is released and becomes bioavailable. Intravenous administration of a pegylated

liposomal formulation of the MMC prodrug in rats resulted in long circulation time and slow

clearance consistent with Stealth pharmacokinetics, indicating stable prodrug retention in lipo-

somes. The therapeutic index of this liposomal formulation was superior to that of free MMC in

three animal tumor models, including a mouse tumor model with a multidrug-resistant phenotype

where PLD was essentially inactive. The potential added value of this approach is 2-fold: effective

treatment of multidrug- resistant tumors while significantly buffering the toxicity of MMC.
29.9 FUTURE AVENUES OF LIPOSOME DEVELOPMENT—RECEPTOR

TARGETED LIPOSOMES

As liposomes remain one of the most attractive platforms for systemic drug delivery, an increased

expansion and sophistication of these systems would be expected in the forthcoming future. The

most logical improvement is the coupling of a ligand to the surface of the liposome that will target

the vesicles to a specific cell-surface receptor followed by internalization and intracellular delivery

of the liposome drug cargo. Examples in this direction are the targeting of PLD to HER2-expressing

or folate-receptor expressing cancer cells using, respectively, a specific anti-HER2 scFv67 or a

folate conjugate anchored to the liposome surface.30 Another example is the tumor vascular

targeting of liposomes with endothelium-specific peptides associated to liposomes.68 A major

advantage of targeted liposomal nanocarriers over ligand-drug bioconjugates is the delivery-ampli-

fying effect of the former that sometimes can provide to the target cell a ratio of 1,000 drug

molecules per single ligand–receptor interaction.

One important technological and conceptual advance in this field is the ability to insert ligands

onto preformed liposomes using lipophilic tails as anchors into the bilayer. Ligand post-insertion

(as opposed to pre-insertion during liposome formation) has been demonstrated for antibody frag-

ments69 and small ligands such as folate.30 This approach enables, on the one hand, the possibility

of using end-product formulations without interfering with the pharmaceutical methods of prep-

aration, and, on the other hand, the flexibility of ligand choice, depending on the target to be

addressed. One encouraging observation, at least for folate-targeted liposomes, is that pegylated

liposomes are able to retain during in vivo circulation and extravasation to malignant ascites the

targeting ligand and the ability to bind to target cells, suggesting that these systems are stable

enough for in vivo applications, requiring prolonged circulation before encountering the target.70

Except for rare instances, tumor cells are not directly exposed to the blood stream. Therefore,

for an intra-vascular targeting device to access the targeted tumor cell receptor, it has first to cross

the vascular endothelium and diffuse into the interstitial fluid. Experimental data with antibody-

targeted liposomes and folate-targeted liposomes indicate that liposome deposition in tumors is

similar for both targeted and non-targeted systems,29,70 supporting the hypothesis that extravasation

is the rate-limiting step of liposome accumulation in tumors. However, once liposomes have

penetrated the tumor interstitial fluid, binding of targeted liposomes to the targeted receptor may

occur, shifting the intra-tumor distribution from the extracellular compartment to the tumor cell

compartment as recently shown for a mouse ascitic tumor.70 Retrograde movement of liposomes

into the blood stream, if any, will be reduced for liposomes with binding affinity to a tumor cell

receptor. Therefore, the theoretical advantages of a targeted liposomal drug delivery system over a

non-targeted one are primarily derived from a relative shift of liposome distribution from the

extracellular fluid to the tumor cell compartment, and, possibly, from prolonged liposome retention

in tumor. On the negative side, the main disadvantage of a targeted system to a cancer cell receptor

is the difficulty of a large nanosize assembly such as liposomes to penetrate a solid tumor mass,
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confronted by the high interstitial fluid pressure that often characterizes tumor masses at clinically

detectable size.31 One such system targeted to the Her2 receptor has shown superior therapeutic

efficacy over its non-targeted counterpart. With the maturation of the pharmaceutical technology

required for the application of targeted liposomal drug delivery systems, the final word regarding

their added value over non-targeted systems awaits clinical trials.
29.10 CONCLUSIONS

Despite huge research efforts, with liposomal drugs is cancer therapy anthracycline formulations,

and specifically, the leading compound, PLD, are the only liposome products that have been able,

so far, to fill a niche in the anti-cancer armamentarium. As this chapter has discussed, this is due, at

least in part, to the complexity of the pharmaceutical technology involved that requires drug-

specific solutions and has a direct impact on the pharmacology of the end compound. Many of

the oncology opinion leaders regard liposome formulations, with liposomal in cancer therapy drugs

as a cosmetic improvement of toxic drugs that will become obsolete in the near future once smart

new drugs are developed, given the increasing knowledge of the molecular biology of cancer cells.

However, a realistic scenario favored by the majority of clinicians predicts that the use of broad-

spectrum cytotoxic drugs will remain as a major tool in cancer therapy for a few more decades to

come. Moreover, the nanomedicine approach is perceived today as a key to future breakthroughs

because of the complexity of living systems. These factors may reinvigorate the interest in particu-

late drug delivery systems such as liposomes and augur that the use of liposome carriers in cancer

therapy will expand in the foreseeable future.
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30.1 INTRODUCTION

In order to abolish the function of established vessels and/or suppress the formation of neovascular

networks, various drug delivery vehicles have been used to target experimental therapeutics to the

tumor vascular surface. Improving site-specific delivery, maximizing tumor response, minimizing

unwanted side effects, and overcoming tumor heterogeneity are important considerations.

Clinical strategies are developed in response to unmet clinical needs, but often at the expense of

understanding how to effectively exploit notable differences between the tumor and host tissues.

For instance, tumor vessels are generally more tortuous, over-express a variety of active genes, and

are more permeable to circulating macromolecules (compared to the vasculature of normal tissues).

On the other hand, relatively high interstitial fluid pressure and long interstitial transport distances

still hinder effective delivery and deep penetration of drugs in solid tumors.1 For this reason,

although the development of interstitial delivery methods represents the focal point of the majority

of research efforts, alternative treatment options are being developed and evaluated in parallel.

The justification for parallel research efforts is due to several advantages of endothelium-

specific drug targeting over interstitial drug delivery. First, vascular networks in developing

tumors make tumors vulnerable to treatment regardless of where the tumor is located in vivo.

Second, the endothelium is vulnerable to the effects of circulating agents; this approach is especially
613
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useful for treating tumors given the fact that a steady flow of oxygen and nutrients (from the blood to the

interstitial compartment) is essential to sustain active angiogenesis and rapid tumor growth. Third, the

vast majority of physiological barriers pose little, if any, threat to vascular targeting strategies, and

finally, endothelial cells are non-mutagenic. This last advantage deals specifically with the inability of

endothelial cells to acquire drug resistance compared to cancer cells that are inherently more prone to

mutation and drug resistance. Nonetheless, despite all of these advantages, preservation of normal

vascular function must be achieved so that treatment is both efficacious and safe.

The procedures for delivery of drugs to tumor vessels (not the interstitium) have yet to be

optimized completely for all human organ systems. Whether the aim is to deliver bulky cytotoxic

drugs or dynamic therapeutic genes, peptides, and proteins, minimizing unintentional injury to

healthy organ tissues is critical. Until better quality treatments are made available, existing methods

will have to be applied with a better understanding of their clinical limitations. Successful strategies

need to satisfy a required set of criteria that include:
q 2006
† The drug should not be toxic to patients;

† Repetitive administration of drug should be well tolerated;

† The drug should be reasonably accessible to the intended cell target;

† The drug should be undetectable by the host-immune system;

† Drug exposure to primary target(s) should yield useful biological product(s); and

† Biological products should be sufficient to elicit a desired clinical response.
Although these guidelines represent the gold standard for a number of routine clinical

procedures and given that some human tumors meagerly respond to standard treatment options

(yielding inadequate to mediocre responses at best), these routine procedures are simply not

sufficient for treating all human cancers.

In general, the endothelium is considered a non-traditional target for FDA approved agents such

as doxorubicin, vincristine, and paclitaxel; therefore, much of our understanding in connection with

this approach is incomplete.

Cytotoxic agents are typically systemically administered at the maximum tolerated dose

(MTD). The goal has long been to deliver huge therapeutic doses to eradicate millions of viable

cancer cells hidden deep inside tissues. The drugs next pass through a complicated tumor interstitial

matrix to prevent the metastatic process from reaching the point of no return. Today, clinical

success has been achieved with the use of some interstitial drug targeting practices. The question

currently asked is: Can the use of popular MTD strategies be replaced with an approach that focuses

on selective delivery of drugs to the tumor vascular compartment rather than to the interstitial tumor

compartment? Moreover, will this clinical practice result in a more effective clinical response that

is both efficacious and safe? To address these question and related concerns, the structural and

functional role of the endothelium should be examined; identification of accessible targets along the

endothelium is a good start.
30.2 THE MICROVASCULAR ENDOTHELIUM: HIGHLY ACCESSIBLE TARGET

OF THERAPEUTICS

The endothelium is a structural barrier separating the intravascular compartment from the tissue

space. Because of wide variability in anatomical structure, the vascular compartment is further

grouped into three different subcategories. The subcategories are continuous, fenestrated, or

discontinuous endothelia.

Continuous endothelia are the most common type and are found most frequently in blood

vessels lining chambers of the heart, walls of capillaries and arterioles in skeletal, skin, cardiac

muscle, and connective tissue. They are well known for their relatively tight cellular junctions.2,3

This particular category of vessels is also critical in the regulation and rapid exchange of ions and
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solutes.2,3 Plasmalemmal vesicles involved in endothelial transport are abundant in myocardial

endothelia but are far less frequently observed in capillaries of the brain.4 The actual number of

plasmalemmal vesicles existing along the continuous endothelium is heterogeneous, varying as a

function of organ and tissue environment. These vesicular structures are also highly sensitive to

charge characteristics, favoring associations with anionic over cationic molecules.5

Fenestrated vessels are normally found in vessels of organs that secrete (or excrete) biological

fluids as in the gastrointestinal mucosa and in the glomerular capillaries of the kidneys. Fenestrae

are usually between 50 and 80 nm in size, and they appear either as individual gap openings in the

wall of functional vessels or as clusters. Similar to plasmalemmal vesicles, their frequency of

occurrence along vessels depends on organ type and microenvironment.

Often, two or more capillaries may join to form post-capillary venules. These newly formed

networks are composed of a single lining of endothelial cells with a basement membrane with no

smooth muscle cell attachment. These vessels are heavily involved in the exchange of molecules,

and they are preferential sites of plasma extravasation as a result of the actions of vasoactive and

humoral factors. Fenestrated vessels possess a negatively charged surface density as a result of high

heparin sulfate proteoglycan content, and unlike plasmalemmal vesicles of continuous endothelia,

they favor interaction with cationic over anionic molecules.6

Discontinuous endothelia are found primarily in the liver, spleen, and bone marrow organs.2 In

the liver sinusoids, the endothelia are not continuous, and they possess an average fenestrae size

between 100 and 150 nm in diameter with the size of fenestrate often changing in response to local

mediators. These changes include, but are not limited to, response to luminal pressures and potent

vasodilators such as histamine and bradykinin.7–10 An investigation into the size of vascular pore

openings in animal tumor models revealed gap openings that were significantly larger than those

observed along vessels in normal tissues, around 4 mm (4000 nm) in at least one tumor type but

normally falling within the range of 0.4–0.6 mm (400–600 nm) for many tumor types.11,12 None-

theless, the evidence is overwhelmingly in favor of the development of tumor-targeted delivery of

therapeutic carrier molecules that are small enough to enter through tumor vascular pores without

passing through openings in normal healthy organ tissues.

The endothelium is responsible for synthesizing a variety of molecules, regulating endothelial cell

migration, proliferation, blood vessel maturation, and function. It has been shown to synthesize

vascular growth factors, nitric oxide, collagen IV, laminin, glycosaminoglycans, and proteoglycans

to highlight several proven functions.10,13–19 The physical barrier organizes very rapidly to form

monolayers, reassembles to form vascular tubes,20 and can change specific inter- and intra-cellular

signaling patterns to meet highly specialized needs of the host. Additionally, endogenous and exogen-

ous mediators of immune and inflammatory response regulate specialized functions at the surface of the

endothelium. The endothelium can be considered an effective mediator of organ homeostasis.10,21

In many ways, the vascular networks found in solid tumors poorly resemble the more regular,

well-defined vascular structure observed in disease-free tissues. Tumors, for example, have a highly

chaotic arrangement of vessels compared to vessels in normal tissues. Tumor vessels also have an

over abundance of anionic phospholipids in addition to a number of other negatively charged

functional groups.22–25 In view of the negatively charged molecules, glycosaminoglycans carry

out important functions in the metastatic disease process and, much like phospholipids, can serve as

useful targets of cationic drug carrier molecules. Evaluation of altered proteoglycan expression in

human breast tissue revealed a total proteoglycan content that was significantly increased in

comparison to that in healthy tissues.26 Proteoglycans isolated from malignant breast tissue have

been shown to stimulate endothelial cell proliferation, and the total glycoprotein content in tumors

is produced by many cell types, including cancer and tumor endothelial cells alike.

The vascular networks of tumors have an increased permeability for macromolecules and a

higher proliferation rate of endothelial cells compared to vessels in quiescent tissues.27,28 An

estimated 30- to 40-fold increase in the growth rate of endothelial cells lining vessels in tumors

compared to that in normal tissues has been demonstrated.27
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Direct access to intravenously administered agents, rapid proliferation rate of endothelial cells,

and over-expression of negatively charged functional groups along vessels are potentially exploi-

table features of tumors. Endothelium-specific cationic liposomes made more specific through

conjugation of antibodies can offer tremendous therapeutic gains.
30.3 ARGUMENTS FOR VASCULAR TARGETING APPROACH OVER

INTERSTITIAL DRUG TARGETING

Physiological barriers that prevent effective interstitial delivery and drug transport29 will likely pose

little threat to vascular targeting strategies given that blood vessels have better access to intravenously

administered agents. Damage to only a few tumor vessels can result in the death of literally thousands

of malignant cells.30 Limited drug diffusion to hard-to-reach interstitial areas in tumors will ultimately

spare clusters of well-differentiated cancer cells from treatment, but direct targeting of cancer cells is

not as important for vascular targeting strategies. As a therapeutic approach, vascular targeting is

unaffected by convection and diffusion, and it does not require the presence of highly perfused vessels

in all tumor regions to be effective. It can be argued that irregular, slow blood flow velocities play a

critical role in facilitating interaction of drugs with endothelial cells.31 Additionally, poorly perfused

tumor vessels permit limited access of drugs to cancer cells. Additionally, endothelial cells are non-

malignant and are far less likely than cancer cells to acquire the mutations that safeguard them from

treatment. Finally, should a drug intended to target functional tumor vessels gain direct access to a

population of cancer cells in the process, additional gains for therapy could result. The potential for

vascular targeting substances to come in direct contact with cancer cells can be observed in mosaic

vessels where tumor cells directly interact with the lumen of vessels and flowing blood and assist in

the spread of metastatic disease.32 This is apparent with large tumor vascular pore openings where

drug agents have considerably greater access to malignant cell populations.11

Proof-of-principal: A significant amount of experimental evidence can now be used to

support vascular targeting as a targeted approach against cancer. To illustrate, tumor-bearing

mice treated with doxorubicin–RGD-4C conjugate (tumor-homing peptide), outlived control

mice that died from widespread disease.33 Mice treated every 3 weeks for a total of 12 weeks

with doxorubicin-RGD-4C lived 6 months longer compared to doxorubicin-treated mice.33 An

in vitro study showed success with immunoliposome-targeted delivery to ICAM-1-expressing

cells in the bronchial epithelium and endothelium.34 In this study, the extent of ICAM-1

expression was suggested to influence the degree of immunoliposome binding to endothelial

cells. The immunotargeting of liposomes to activated vascular endothelial cells of the cardio-

vascular system has also been investigated.35 In this study, murine antibody mAB H18/7 was

conjugated to doxorubicin-loaded liposomes, and the extracellular binding domain of E-selectin

was targeted to a significant extent over nonactivated human endothelial cells.35 Thorpe and

colleagues characterized TEC-11 antibody and have demonstrated that the anti-class-ricin

A-chain immunotoxin produced widespread infarction and tumor regression in treated mice

compared to untreated controls.36 While these groups and others work to demonstrate proof-

of-principal, other laboratories have had success with identifying accessible tumor vessel

targets. One example of a potentially useful clinical target was studied by Retting and

colleagues. They confirmed that the tumor endothelial antigen endosialin (cell glycoprotein)

is expressed in tumors and is not expressed in normal healthy tissues.37 This early finding

suggests that, under optimized conditions, the glycoprotein could be used to launch a site-

specific, immunological attack on tumor vessels. Multiple lines of evidence from the literature

support vascular targeting as an attractive therapeutic approach against cancer disease.
q 2006 by Taylor & Francis Group, LLC



Positively-Charged Liposomes for Targeting Tumor Vasculature 617
30.4 INFLUENCE OF CATIONIC CHARGE ON VASCULAR TARGETING

IN HEALTH AND IN DISEASE

To optimally target drugs to the endothelium, a basic working knowledge of why select carriers

accumulate at this site is essential. Extraordinary insights into normal vessel function and patho-

genesis now provide some interesting clues. For example, the vessel lumen of capillaries is

predominately lined with anionic sites.22–25 These regions are important in the development and

maintenance of normal and abnormal tissues where the latter is observed in inflammation, throm-

bosis, and in tumors.24,25,38 Anionic sites (owing to layers of glycoproteins) mediate microvascular

permeability and trans-endothelial cell function.3,6,23–25,30,38 Endothelial cell membrane-associated

proteoglycans regulate delivery and uptake of macromolecules. This has been demonstrated in

sulfated proteoglycan deficient HeLa cells where cation-mediated delivery of plasmid DNA

resulted in a 69% reduction in luciferase expression.39 The distribution of negatively charged

sites is non-uniform,25,31 varying among vessel types (i.e., arteries, capillaries, or capillary

venules) and between young and relatively old mice.4 Although negatively charged components

of mammalian cells are sialoglycoproteins and proteoglycans, some vascular domains (potentially

involved in endocytosis and/or trancytosis) are devoid of these functional groups. These specialized

areas interact to a lesser extent with cationized molecules, and it has been suggested that they

represent regions of anionic molecular transport across capillary networks.25 The absence of

accessible anionic sites can be observed on the vascular surface, specifically on the surface of

plasmalemmal vesicles where they readily assist in the transport of circulating macromolecules.4,6

Experiments in solid tumors support the notion that success with nanoparticle-assisted delivery

of drugs to tumor vessels does not require that drug carrier molecules possess a cationic charge for

effective delivery and transport. In fact, when anionic sites were neutralized with the polycation

protamine, the blood–brain barrier (BBB) became significantly less guarded against the transport of

albumin and inulin; under normal conditions, neither can pass the BBB.40 Additionally, whereas

electron microscopic studies revealed that positively charged electron-dense label cationic ferritin

(CF) did not label plasmalemmal vesicles of the mouse endothelium, native anionic and neutralized

ferritin molecules had considerably greater access to these sites.4 Another study showed that

following a cerebral insult of a rat brain tumor model, the vasculature was more permeable to

horse radish peroxidase, but more importantly, showed a fewer number of negatively charged sites.

The mechanism(s) by which anionic surface charge is altered in disease is not completely under-

stood,40–42 but studies continue to support structural and morphological differentiation of the

microvascular endothelium in disease tissues that undoubtedly influences overall vascular

targeting efficiency.

The endothelium is structurally and functionally unique, and several studies confirm region-

specific, tumor vascular sensitivity to effects of molecular charge.3,6,18,25,40,43,44 The fact that the

endothelium can bind anionic, neutral, and net positively charged molecules supports these obser-

vations. The strategies that best exploit the expression of negatively charged functional groups in

combination with additional tumor vascular features will achieve the greatest therapeutic success.
30.5 FORMULATION DEVELOPMENT: ALTERNATIVES TO ROUTINE DRUG

DESIGN AND SYNTHESIS

The development of novel therapeutics is an expensive and labor-intensive process. There is also no

guarantee that a more useful therapeutic agent will result from the time and money invested. The use of

combinatorial chemistry, high throughput screening, and drug synthesis has not met all clinical expec-

tations. As a result, serious issues still remain with existing treatment approaches and with a search for a

magic bullet.45 For this reason, strategies that improve tumor endothelial site-specific delivery are

being developed in parallel with efforts involving routine drug design and synthesis.
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In many instances, the use of nanotechnology represents a wise alternative to routine drug

synthesis. This technology creates new opportunities to improve drug access to primary targets and

to exploit additional tumor targets as well. Long circulating liposomes, for example, increase

deposition of drugs in the perivascular space of tumors.46,47 When the optimal lipid ratios have

been considered, the vasculature may be targeted more selectively compared to free drug.

On the basis of the experimental evidence, a non-toxic phospholipid-based delivery vehicle is a

rational choice for targeting many therapeutic agents to tumors. Liposomes are well suited for this

purpose. These microparticulates spontaneously form and are generally easier to prepare compared

to viral mediated systems.

Liposomes are relatively non-immunogenic; their large-scale manufacturing does not depend

on the culturing of living cells, and they are preferred for a variety of practical considerations as

well. Liposomes have been shown to increase systemic circulation, reduce drug side effects,

enhance cellular uptake, and increase the duration of drug exposure and tumor response to

therapy.16–18 Moreover, the physicochemical properties of liposomes can be manipulated to

address physiological considerations such as the effects of size, molecular charge, membrane

rigidity, and stability.48–53

Developing a target specific, long circulating, stable drug carrier is only half the battle. Ideally,

liposomes should also be triggered to release drugs under tumor sensitive conditions. The effect of

molecular charge, over-expression of vascular growth factors, sensitivity to pH, and relatively large

vascular pore openings are a few physiological features currently used to distinguish tumors from

healthy organ tissues.12,25,31,38,46,53–57
30.6 INTERACTION OF CATIONIC LIPOSOMES WITH HUMAN

ENDOTHELIAL CELLS

One of the first synthetic cationic lipids, developed by Felgner and colleagues in 1987,58,59 was

initially used to improve existing DNA delivery methods. A 1:1 w/w mixture of the new cationic

lipid DOTMA (N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride) was combined

with the helper lipid DOPE (dioleoylphosphatidylethanolamine). This formulation (akaw-
Lipofectin) was found to be 5–100 times more effective than DNA transfection performed with

other in vitro methods.59 A typical eukaryotic cell membrane has a highly negative surface charge

density because of the multitude of membrane-bound carbohydrate groups oriented on its surface.

Endothelial cells can be targeted on the basis of this surface charge density, and several

mechanisms of action have already been proposed for successful delivery of DNA into cells by

positively charged liposomes.60–63

Studies involving the transfection of human endothelial cells suggest that methods be tailored

to specifications of endothelial cells, not more traditional cell types. High transfection efficiency

with the use of cationic liposomes is possible when expression is under the control of a strong

promoter.64 Endothelial cells, like most mammalian cells, depend on an optimal DNA/cationic

liposome ratio for high efficiency of endothelial cell trafficking and expression of foreign genes.

Moreover, compared to other mammalian cell lines, primary endothelial cells are generally more

sensitive to constituents of growth medium and passage number.65 No specific cationic lipid, to

date, is accepted for use with all mammalian cell types. Cationic liposomes may represent a suitable

alternative to non-viral delivery systems; however, transfection of human endothelial cells by this

approach should be optimized to produce the desired therapeutic effect.64

Various experimental and clinical applications for cationic lipids have been reported, ranging

from optimizing methods for enhanced gene transfer in vitro to treating clinical abnormalities

contributing to neoplastic transformations in man.66 Using cationic lipids to regulate endothelial

cell function in vitro or in treatment of disease in highly developed organ systems has been

explored. To illustrate, the application of several cell line types have been investigated
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FIGURE 30.1 (See color insert following page 522.) Cationic liposomes are taken up by human endothelial

cells. The figure shows a DIC and fluorescence merged image of PCLs associated with human dermal

endothelial cells. Perinuclear localization is observed. Captured image is representative of PCLs taken up

by other primary endothelial cells derived from various organ tissues. Cells were seeded at 5!105 cells/well on

cover slips in six well plates. Images were captured 24 h after exposure of cells to PCLs.
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(Figure 30.1). Cationic liposome-mediated transfection has been carried out under a broad set of

experimental conditions, involving the use of numerous in vitro models of the endothelium in

human organ tissues. These in vitro models of the intravascular compartment include the eye,67

lung,68,69 heart,61,70 kidney,71 and vascular smooth muscle.72,73

Site-specific delivery to endothelial cells can be accomplished by coating cationic lipsoemes

with peptides and monoclonal antibodies.65,74 Furthermore, these positively charged vehicles

enhanced adeno-associated virus (AAV) uptake by human endothelial and smooth muscle cells.

The authors report a highly efficient way to introduce foreign DNA into cells given that modified

cationic liposomes (adenosomes) enhanced vector expression by a factor of 10 over adenoviral

proteins delivered without liposomes.75

Although antibodies have been used to assist gene transfer strategies, cationic liposomes can be

optimized to deliver genes to endothelial cells without the use of antibodies. For instance, when

cultured bovine corneal endothelial cells (BCECs) were exposed to pUT651 (a plasmid) alone,

significant expression was observed and without associated toxicities.67 In HUVEC cells, reporter

gene expression was evident in the absence of select antibodies. In this study, transfection efficiency

varied as a function of cell passage number, and a linear reduction in luciferase expression was

observed with successive passage numbers.65 Vascular smooth muscle cells were shown to vary in

degree of sensitivity to transfection reagents mediated by cationic lipids, reporting a preference for

restenotic lesions compared to normal internal thoracic arteries and atherosclerotic plaques.73
30.7 STEALTH (PEGYLATED) LIPOSOME TECHNOLOGY: A BRIEF

COMMUNICATION

Rapid elimination of cationic liposomes from circulation by opsonins, lipoproteins, and cell-surface

receptors pose an additional threat to effective delivery of drugs to solid tumors.45,76–80 This

particular barrier is different from physiological barriers as it results not from tumors or the

influences from the surrounding tissue environment, but it occurs when conventional (relatively

short circulating) liposomal therapeutics come in direct contact with circulating proteins in blood.

Stealth liposome technology is one approach used to limit the interaction of conventional

liposomes with proteins in blood. The technology involves the coupling of high molecular
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weight polymers to the liposome surface.47,50 Surface-bound polymers [i.e., poly(ethylene glycol)

(PEG)] provide adequate protection of liposomes from protein molecules that can unfavorably alter

their tissue distribution profile. The specific mechanisms underlying delivery mediated by these

polymers are unclear, but when PEG is included as a component of liposome preparations, a

physical zone is formed around the liposome perimeter. This zone of exclusion reduces lipo-

some–protein interactions as a result of long (PEG) polymer chain constrictions.47,50,80

From a therapeutic point-of-view, in addition to favorable kinetics, PEGylated liposomes are

usually more active against solid tumors.47,79 Several lines of evidence support the findings that

PEGylated liposomes are generally more stable in blood with only minor leakage of their contents

over time compared to conventional liposomal therapeutics.78

PEG can also be used to prepare liposomes with significantly higher drug retention under

normal physiological pH, or it can be designed to trigger drug release in a low pH environment.

In addition to tumor uptake, other organs of relatively high accumulation are the liver, kidney, skin,

the female reproductive, and gastrointestinal tract.77,78

The extent of modification and molecular mechanics of Stealth liposome technology and

exactly how PEG delays reticuloendothelial system (RES) entrapment is not completely under-

stood. However, its benefit(s) in systemic circulation and that the fraction of PEG included in

Stealth liposome preparations should reflect preclinical and clinical goals are understood.

Stealth technology might well represent one of the most significant advances in the field of

liposome nanotechnology. PEG has provided researchers with an enormous opportunity to exploit

the large openings of tumor vessels by enhancing delivery of therapeutic substances through them

as a result of the advantage of prolong circulation. In a study performed by Yuan et al., Stealth

liposomes accumulated in the perivascular space in tumors 48 h post-administration.46 This is the

region close to tumor vessels but not directly associated with them. The technology is, however,

not sufficient to promote vascular-specific delivery; targeting specific physiological feature of

vessels (i.e., proteoglycans, endothelial receptors, etc.) in addition to prolonged circulation is

also required.
30.8 PEGYLATED CATIONIC LIPOSOMES: ARE THEY SUITED

FOR TARGETING TUMOR VESSELS?

The notion of targeting accessible anionic sites along tumor vessels combined with technologies

that limit interactions of nanodelivery systems with biological molecules in vivo is promising.

PEGylated cationic liposomes (PCLs) have been shown to improve not only oligonucleotide

(ODN) loading and delivery, but also the apparent drug solubility profile of various therapeutic

molecules as well. In vitro studies conducted with human plasma show that PCLs do not form large

molecular aggregates in blood81,82 or in buffered solutions.31 These carriers retain most of their

physicochemical properties,31,75,81 and they prolong circulation half-life even in the presence of a

net positively charged surface.

Protecting cationic liposomes from serum nucleases enhanced immunostimulatory activity of

CpG oligonucleotides motifs compared to free ODN in in vitro and in mouse models.82 In another

study, the anti-HER-2 F (ab 0) fragment was coupled to the distal end of PEG chains of cationic

liposomes; cellular uptake and nuclear localization increased considerably in cultured SK-BR-3

cells (a human breast cancer cell line) shown to over-expresses HER-2 oncoprotein.81

Intravital microscopy has been used to investigate the interactions of PCLs with tumor vessels

in vivo.31 When PCLs were intravenously injected into tumor bearing (LS174T-human colon

adenocarcinoma) mice, analysis of spatial distribution of liposomes 24 h post-injection revealed

significant vascular targeting in tumors (w27.5% coverage) compared to vessels in normal tissues

(w3.6% coverage).31 Moreover, the extent of vascular areas targeted did not vary as a function of

tumor type or anatomical location.31 Several lines of evidence suggest that PEG coating does not
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inhibit cationic liposomes from binding to negatively charged surfaces. In addition to experimental

data supporting this hypothesis, the values of zeta potential (electric potential across a double

membrane surface) confirm that a sufficient electrostatic membrane potential still exists in the

presence of PEG.31,52,83

Vascular targeting can be influenced on the basis of charge content of drug carrier molecules;

associations with tumor vessels favor cationic liposomes possessing relatively high cationic charge

content.31,38,63 The abilities to circulate for extended periods in blood and associate with tumor

vessels are highly desirable features of an efficient therapeutic approach. For this reason, both the

inclusion of PEG and cationic charge content in cationic liposomes are currently being investigated

in combination. There are clinical circumstances when relatively long circulating drug carrier

molecules (O24 h) accumulating along tumor vessels would be more effective than carriers that

are rapidly eliminated from circulation (!0.5 h). For instance, many of the popular chemothera-

peutic agents are dependent on phase of the cell cycle; therefore, rapidly dividing tumor endothelial

cells could be targeted more effectively with carriers that maintained adequate levels of drug in

blood. Such a delivery system would serve less value for agents that can exert drug effects outside

the influence of the cell cycle (i.e., membrane targeting agents).
30.9 CATIONIC LIPOSOMES IMPROVE ANTI-CANCER THERAPY

The use of cationic liposomes to deliver experimental therapeutics to solid tumors is a promising

alternative to interstitial targeting approaches. However, formulations should be optimized and pre-

screened in preclinical models to establish clinical relevance. Given the fact that the architecture of

tumor vessels varies significantly in terms of microvascular type, density, vascular surface area, and

angiogenic potential, it is understandable why the development of a single therapeutic approach

against cancer has yet to be achieved.

When developing cationic liposomal therapeutics, it will be helpful to note that each solid

tumor possesses distinctly different organization and specialized structural features. The highly

unpredictable nature of tumors further complicates the task of pairing formulations to specific

disease states. A common feature among all cationic liposome preparations used in drug delivery

is that they must be optimized for site-specific delivery to tumor endothelia and that their intra-

cellular fate should correlate with the drug’s mechanism of action (i.e., cationic liposomes should

enhance delivery of DNA targeting agents to DNA, and not to irrelevant intracellular targets). This

process must be confirmed.

Cationic liposomes can retain drug agents at the tumor vascular site (Figure 30.2), and facilitate

interaction of liposomes with subcellular targets prior to releasing their payload. They can also be

used to target non-intracellular targets as well as cell-membrane bound molecules other than

proteoglycans. This is promising given that many anti-angiogenic agents have been confirmed to

exert their action by each mechanism. For instance, SU5416, an inhibitor of tyrosine kinase activity

of vascular endothelial growth factor (VEGF), requires direct access to a specific endothelial cell

membrane-associated receptor (Flk-1/KDR) in order to suppress neovascular growth of tumors.84,85

Although SU5416 is suggested to exert long-lasting effects on VEGF phosphorylation and function,

cationic liposome-assisted drug delivery could enhance interactions with specific endothelial

cell targets.

Effective anti-angiogenic therapy requires the continuous presence of drugs in circulation.85,86

The inclusion of PEG in cationic liposome preparations can extend circulation half-life of SU5416

compared to SU5416 alone; the goal here is to enhance the duration of drug (SU5416) exposure

with tumor target.

Most anti-angiogenic agents suppress neovascularization by blocking activators of angiogen-

esis and endothelial cell-specific signals. There exist clinical situations where targeting non-

tumoral tissues might be equally beneficial. Although the majority of PCLs are recovered by the
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FIGURE 30.2 (See color insert following page 522.) Targeting tumor vessels with cationic liposomes. The

image shows vascular targeting of LS174T (human colon adenocarcinoma) with cationic liposomes and was

captured by two-photon microscopy 250 mm deep within the tumor. The intrinsic fluorescent property of

doxorubicin was used to probe the location of the drug within the tumor. When doxorubicin was loaded in

PCLs and administered via tail vein in tumor bearing mice, the drug was shown to be delivered to tumor

vessels. Green represents tumor vessels, and orange dots represent doxorubicin. Mag. BarZ50 mm.
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liver post-intraveneous31 and intrasplenic87 administration, once these carrier molecules have been

loaded with chemotherapeutic agents, they can diminish primary tumor growth in this anatomical

location without significantly altering its primary function. To illustrate, poly(I):poly(C)–cationic

liposome complex was used to treat metastatic (pancreatic and colorectal) carcinoma cell growth in

the liver, and the result was significant delay in tumor growth compared to the administration of

poly(I):poly(C), and adriamycin alone.87

In a study using PCLs to deliver the chemotherapeutic agent cisplatin (CDDP), CDDP-loaded

PCLs suppressed primary tumor growth and distant liver metastasis as a result of tumor and liver-

selective uptake.88 The authors note that the high chondroitin sulfate content of cancer cells was the

primary target of PCLs. In addition to this mechanism, another possibility is that drug loaded-PCLs

deliver drugs like CDDP to tumor vessels and that cancer cells are not the primary, but the

secondary, target of drug-loaded PCLs. Depending on the overall clinical objectives, liver accumu-

lation could result in some unwanted complications; for wide-spread general applicability, high

tumor selectivity at the expense of the liver is desired. To minimize uptake of cationic carriers at

this anatomical site, additional specialized features of tumor vessels may have to be taken

into account.

In addition to targeting tumor vascular targets on the basis of negatively charged functional

groups, cationic drug carriers can also be used to enhance the interaction of anti-angiogenic agents

with integrins. Integrins are involved in cell invasion and metastasis and in signaling processes that

regulate the actions of each.89,90 Some integrins are preferentially expressed in angiogenic endo-

thelium like integrin avb3.89 Researchers have since introduced a novel cationic delivery vehicle in
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order to exploit this endothelial cell receptor.91 In as study carried out by Hood and colleagues, a

cationic lipid based nanoparticle (NP) was coupled to avb3-targeting ligand and intravenously

injected in tumor bearing mice; the complex (avb3–NP) selectively targeted the vasculature and

induced tumor regression.91 Furthermore, sustained regression was achieved without significant

accumulation in, and damage to, the liver. This finding is encouraging. It supports the use of

positively charged drug carriers with highly specialized molecules to improve vascular targeting

at all stages of tumor development.

The knowledge that cationic liposomes deliver drugs to solid tumors as well as the degree to

which each tumor compartment is affected by treatment is essential to future advances in nano-

technology. Unfortunately, the overwhelming majority of published works document overall tumor

response, animal survival, and drug effects involving the interstitial matrix, yet hidden

mechanism(s) underlying tumor vascular damage in connection with treatment is often not a part

of routine investigations.

No intravenously administered substances (drug alone or nanoparticle-assisted) can gain access

to the interstitial matrix without first passing through the vascular compartment, so drug effects to

this tumor compartment must be explored. Cationic liposomes possessing a high cationic lipid

content (w50 mol%) target the endothelium several-fold over the interstitial environment.31,38

Growth inhibition and animal survival studies have proven to be extremely helpful in establishing

safety conditions for drug administration and predicting drug efficacy in humans. Nonetheless, the

specific mechanisms by which cationic liposomes target vessels and alter tumor growth kinetics

must be investigated. Studies should probe interstitial and vascular compartments without

experimental bias.
30.10 VALIDATION AND LONG-TERM TRACKING OF TUMOR RESPONSE

TO THERAPY

It has been established that there are unique molecular and physiological features of tumors that can

be used to develop relatively disease-specific treatments. The expression of tumor-specific genes

has been used to monitor progression of disease in response to these treatments and others. For

instance, VEGF is a potent angiogenic cytokine that is critically linked to angiogenesis; it is so vital

to this process that inhibitors are rapidly being developed to suppress VEGF’s tumor angiogenesis

stimulatory activity.84,92–94 Normally, when select inhibitors of VEGF bind Flt-1 (VEGF target

site) on endothelial cells, proliferation is inhibited among other critical steps involved in tumor

angiogenesis.20,30,84 VEGF expression is a highly regulated process in healthy tissue; elevated

expression is observed only under special circumstances, but constitutive expression is observed

in tumors that aggressively seek to recruit a new blood supply. Given the fact that the process of

developing new blood vessels is fundamentally important to maintaining an aggressive tumor

phenotype, VEGF and a variety of other growth factors are often used as molecular and

pharmacological endpoints.

Site-specific delivery to tumor vessels and angiogenesis has demonstrated promise in precli-

nical models, warranting follow-up investigations in clinical settings. Evaluating tumor volume,

animal survival and vascular density are useful indicators of tumor response. However, monitoring

gene expression in response to therapy can provide deeper insights into the specific mechanisms

underlying the disease process.
30.11 CONCLUDING REMARKS

Systemic administration of drugs is a frequently applied strategy used to control local tumor growth

and metastasis. The issue of targeting these agents more specifically to tumors while reducing
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uptake by healthy organ tissues is a formidable challenge. Cationic liposomes have been used to

mediate efficient transfection of a variety of different mammalian cell types. The loading of cationic

liposomes with chemotherapeutic agents has even greater potential. The relatively new class of

liposomes possesses high cationic charge content (and membrane surface charge potential) similar

to those used for transfection studies, but they deliver their drug payload to tumor vessels. The

development of new synthetic cationic lipids like N-[1-(2,3-dioleyloxy)propyl]-N, N, N-trimethyl-

ammonium chloride(DOTMA) and N-[1-(2,3-dioleyloxy)propyl]-N, N, N-trimethylammonium

chloride(DOTAP) has helped make this field a reality.

A deeper understanding of how tumors develop relative to the expression of vascular receptors

and other targets will create new opportunities for nanotechnologists. These opportunities extend to

include more effective treatments at various stages of tumor development and planned attacks

against cancer.
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31.1 INTRODUCTION

Although many important pharmacological targets for cancer therapy are located inside cells,

membranes pose a serious obstacle to the uptake of charged hydrophilic molecules inside the

cells. Many pharmacological proteins or peptides require to be intracellularly delivered to target

and modulate cellular functions at the subcellular levels. In this connection, an important task is a

proper identification of intracellular targets to be reached and affected. Cancer therapy provides

a whole set of good examples to illustrate this importance. In a search of new anti-cancer drugs, a

shift is gradually occurring from the semi-empirical approach based on evaluation of efficacy of

candidate compounds against cultured cancer cells and animal tumor models to molecular

mechanism-based drug discovery.1 A huge body of information about cellular metabolic and

signaling pathways essential for tumorogenesis and tumor cell development allows for the identifi-

cation of proper targets for interference with the tumor growth. Quite a few molecular targets have

already been identified.1 The creation of a working draft of the human genome sequence2,3 in

combination with high-throughput methods of molecular biology promises continued rapid growth

in identifying such targets.4,5 However, not all drug targets that can be identified and validated by

molecular biology tools are considered suitable for drug development, often because of their

intracellular location.1 Myc/Max dimerization, Src homology-2 domain interaction, and Ras/Raf

association have been identified as promising interference targets for the inhibition of tumor

development.6,7 Although peptide inhibitors, discovered through the use of phage-display8 or

combinatorial peptide9 libraries had excellent in vitro activity, they were not considered for drug
629
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development because of poor pharmacokinetics and their inability to reach the molecular targets

inside the cells. Sometimes, tumors result from malfunctions of tumor suppressors genes and the

lack of activity of the proteins they encode.5,10 In this case, the delivery into tumor cells of working

copies of proteins obtained by recombinant methods would provide indispensable tools for vali-

dation of gene functions and potential development of protein or gene therapy-based methods of

treatment. The use of these proteins for molecular target validation and eventual development of

anti-cancer drugs is again hampered by low permeability of cell membranes.

Intracellular transport of biologically active molecules with therapeutic properties is one of the

key problems in drug delivery in general. However, the very nature of cell membranes prevents

proteins, peptides, and nanoparticulate drug carriers from entering cells unless there is an active

transport mechanism that is usually the case for very short peptides.11 Various vector molecules

promote the delivery of associated drugs and drug carriers inside the cells via receptor-mediated

endocytosis.12 This process involves the attachment of the vector molecule and an associated drug

carrier to specific ligands on the target cell membranes, followed by the energy-dependent forma-

tion of endosomes. The problem, however, is that any molecule/particle entering cells via the

endocytic pathway and becoming entrapped into endosome eventually ends in lysosome where

active degradation processes take place under the action of numerous lysosomal enzymes. As a

result, only a small fraction of unaffected substance appears in the cell cytoplasm. Even if an

efficient cellular uptake via endocytosis is observed, the delivery of intact peptides and proteins

is compromised by an insufficient endosomal escape and subsequent lysosomal degradation.

Enhanced endosomal escape can be achieved through the use of, for example, lytic peptides,13–

15 pH-sensitive polymers,16 or swellable dendritic polymers.17 These agents have provided

encouraging results in overcoming limitations of endocytosis-based cytoplasmic delivery, but

there is still a need for further improvement or consideration of alternative delivery strategies.
31.2 LIPOSOMES FOR INTRACELLULAR DRUG DELIVERY

For almost two decades, liposomes have been considered promising carriers for biologically active

substances.18–20 They are biologically inert and completely biocompatible, and they cause practi-

cally no toxic or antigenic reactions. Drugs included into liposomes are protected from the

destructive action of the external media, and liposomes are able to deliver their content inside

cells and even inside different cell compartments. Water-soluble drugs can be captured by the inner

water space of liposomes, whereas lipophilic compounds can be incorporated into the liposomal

membrane. The definite drawback of liposomal preparations is their fast elimination from the blood

and capture by the cells of the reticulo-endothelial system (RES), primarily, in the liver and spleen

that is usually believed to be the result of rapid opsonization of the liposomes.21 To increase

liposome accumulation in the required areas, the use of targeted liposomes has been suggested.22

Liposomes with a specific affinity for an affected organ or tissue were believed to increase the

efficacy of liposomal pharmaceutical agents. Immunoglobulins, primarily of the IgG class, and their

fragments are the most promising and widely used targeting moieties for various drugs and drug

carriers, including liposomes. Despite evident success in the development of antibody-to-liposome

coupling techniques and improvements in the targeting efficacy, the majority of immunoliposomes

still ended in the liver that was usually a consequence of insufficient time for the interaction

between the target and targeted liposome.

Different methods have been suggested to achieve long circulation of liposomes in vivo,

including coating the liposome surface with inert, biocompatible polymers such as polyethylene

glycol (PEG) that form a protective layer over the liposome surface and slows down the liposome

recognition by opsonins and subsequent clearance.23,24 Long-circulating liposomes are now widely

used in biomedical in vitro and in vivo studies and even found their way into clinical practice.25,26

Explanations of the phenomenon involve the role of surface charge and hydrophilicity of PEG-coated
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liposomes,27 the participation of PEG in the repulsive interactions between PEG-grafted membranes

and other particles,28 and more generally, the decreased rate of plasma protein adsorption on

the hydrophilic surface of PEGylated liposomes.29 Long-circulating immunoliposomes have also

been prepared containing on their surface both antibody and PEG, thereby possessing both abilities—

i.e., to recognize and bind the target and to circulate long enough to provide high target

accumulation.30

As previously discussed, most liposomes are internalized by cells via endocytosis and destined

to lysosomes for degradation.31 When one needs to achieve liposome-mediated drug delivery inside

cells into a cytoplasmic compartment, pH-sensitive liposomes are frequently used (for one of many

reviews, see V. P. Torchilin, F. Zhou, and L. Huang 1993).32 As noticed in Puyal et al.,33 cellular

drug delivery mediated by pH-sensitive liposomes is not a simple intracellular leakage from the

lipid vesicle because the drug has to also cross the endosomal membrane. It is usually supposed that

inside an endosome, the low pH and some other factors destabilize liposomal membrane that, in

turn, interacts with the endosomal membrane, provoking its secondary destabilization and drug

release into the cytoplasm. To prepare pH-sensitive immunoliposomes, the latter were additionally

supplied with surface-immobilized antibodies. The advantages of antibody and pH-sensitive lipo-

some combination are mutually additive: cytoplasmic delivery, targetability, and facilitated uptake

(i.e., improved intracellular availability) via receptor-mediated endocytosis. Successful application

of pH-sensitive immunoliposomes has been demonstrated in the delivery of a variety of molecules

including fluorescent dyes, anti-tumor drugs, proteins, and DNA.34
31.3 TRANSDUCTION

A promising approach that seems to be the solution of overcoming the cellular barrier has emerged

over the last decade. In this approach, certain proteins or peptides can be tethered to the hydrophilic

drug of interest, and together, the construct possesses the ability to translocate across the plasma

membrane and intracellularly deliver the payload. This process of translocation is called protein

transduction. Such proteins or peptides contain domains of less than 20 amino acids, termed as

Protein Transduction Domains (PTDs) or CPPs, that are highly rich in basic residues. These

peptides have been used for intracellular delivery of various cargoes with molecular weights

several times greater than their own.35 CPPs are a group of peptides, usually containing a cluster

of basic residues that have been recognized as promising drug delivery vectors over the last decade.

The CPPs are gaining increased attention as they possess the remarkable property of translocating

across the hydrophobic cell membrane that forms a formidable barrier to the entry of hydrophilic

and high molecular-weight drugs. As a result, different therapeutic moieties that are mostly hydro-

philic in nature and/or are of high molecular weight can be tagged to CPPs and transported across

the cell membrane to exert their pharmacological actions at the subcellular level. This process of

traversing across the biological barrier is called protein transduction, and it is confined to a domain

of less than 20 amino acids, termed as PTD or CPP. CPPs are rich in basic residues and are either

derived from corresponding transducing proteins or synthesized. The original concept of

protein transduction came out from the observation that the trans-activating transcriptional

activator, TAT, protein encoded by HIV-1, was efficiently internalized by cells in vitro, resulting

in trans-activation of the viral promoter.36,37 Subsequently, several other proteins and peptides were

found to display the translocation activity that encompasses penetratin,38 VP22,39 transportan,40

model amphipathic peptide MAP,41 signal sequence-based peptides,42 and synthetic arginine-

enriched sequences.43

Penetratin is a CPPs derived from the homeodomain of Antennapedia (Drosophila homeopro-

tein). Homeoproteins are transcription factors that comprise a stretch of 60 amino acids called the

homeodomain that is involved in the DNA binding. The homeodomain was shown to traverse

through the mammalian nerve cells and accumulate in their nuclei.44 More specifically, the
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translocation ability was narrowed down to a 16-mer peptide, termed as penetratin (Antp PTD, 43–

58 residues, Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys) present in the

third helix of the homeodomain.38 VP22 is a herpes virus type 1 protein associated with the

transport between cells where it also ends up in the nuclei.39 Transportan is a chimeric CPP

built of galanin and mastoparan. Inside the cells, transportan is taken up into the nuclei and

concentrates in subnuclear structures, probably the nucleoli.40 MAP is a synthetic 18-mer

peptide capable of transporting various cargoes across the cellular membrane. MAP has presented

the highest uptake and cargo delivery efficiency among other CPPs.45 Signal-sequence-based

peptides comprise membrane translocating sequences (MTSs) that direct the pre-protein toward

the accurate intracellular organelles. Such sequences, when coupled to nuclear localization signals,

can be directed to accumulate in the nuclei of the cells.46 To identify the specific regions of TAT

peptide responsible for translocation, synthetic peptides rich in arginines were prepared such as

arginine-substituted TAT (R9-Tat) and D-amino acid substituted TAT (D-TAT).43 Such peptides

were internalized with similar efficiencies as TAT peptide. In addition, various arginine-rich

peptides such as RNA-binding peptides derived from proteins HIV-1 Rev, flock house virus

coat, and DNA-binding peptides from c-Fos, c-Jun, and yeast GCN4 also displayed

translocation properties.

TAT peptide (TATp) remains the most frequently used CPP for drug delivery purposes. TAT is

transcriptional activator protein encoded by human immunodeficiency virus type 1 (HIV-1).47

TAT-mediated transduction was first utilized in 1994 for the intracellular delivery of variety of

cargos such as b-galactosidase, horseradish peroxidase, RNase A, and domain III of Pseudomonas

exotoxin A in vitro.48 In vivo transduction using TAT peptide (37–72)-conjugated to b-galacto-

sidase resulted in protein delivery to different tissues such as the heart, liver, spleen, lung, and

skeletal muscle. Next, attempts were made to narrow down to the specific domain responsible for

transduction. For this, synthetic peptides with deletions in the a-helix domain and the basic cluster

domain were prepared for investigating their translocation ability.49 The whole basic cluster from

48 to 60 residues was found accountable for membrane translocation because any deletions or

substitutions of basic residues in TAT (48–60) reduced the cellular uptake property. Rothbard et

al.50 studied TAT (48–57) by deletion analysis. They found that deletion of Gly-48 did not affect the

transduction efficiency, whereas deletions of Lys-50,51, Arg-55–57 and Gln-54 markedly reduced

transduction efficiencies. Therefore, the minimal transduction domain was assigned to TAT (49–

57) residues. The commonly studied transduction domain of TAT (TAT PTD) extends from

residues 47–57: Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg that contain six arginines

(Arg) and two lysine residues.51

Two types of the endocytic uptake of the CPPs have been proposed: the classical clathrin-

mediated endocytosis and the lipid-raft-mediated caveolae endocytosis. Clathrin-mediated endo-

cytosis involves the formation of clathrin-coated membrane pits that pinch off the membrane to

form vesicles for subsequent processing.52 This type of endocytosis was suggested in Console et al.

where the TAT peptide showed the co-localization with the classical endocytic marker, transferrin.

This was substantiated further in Lundberg, Wilkstrom, and Johansson where TAT PTD and Antp

PTD showed uptake only at 378C. In addition, the internalization required the expression of

negatively charged glycosaminoglycans on the cell surface for interaction with CPPs that was

followed by endocytosis. Studies also suggested that the PTDs do not provoke a real translocation,

but they are only responsible for cell surface adherence that subsequently results in their endocy-

tosis and accumulation in endosomes.53–57 In fact, direct electrostatic interaction between the

positive residues of CPPs and the negative residues of the cell-surface proteoglycans or glycosa-

minoglycans (such as heparan sulfate, heparin) is required in internalization regardless of the

mechanism of cellular uptake54,58–60 although some studies suggested the lack of correlation

between proteoglycans and transduction process.61

Another proposed mechanism for internalization is caveolae-mediated clathrin-independent

uptake. Caveolae uptake involves the formation of flask-like uncoated invaginations (50–70 nm),
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principally composed of a subclass of detergent-resistant membrane domains enriched in choles-

terol and sphingolipids called as lipid rafts.62 This type of uptake was suggested in.63,64 Unlike the

rapid uptake of transferrin, a marker for clathrin-mediated endocytosis, the internalization of TAT-

cargo was very slow, reaching the plateau after several hours with the co-localization of TATp with

the markers of caveolar uptake. The cellular uptake was affected in the presence of drugs that either

disrupt lipid rafts or alter caveolar trafficking.

A different mechanism has been proposed for the transport of guanidinium-rich CPPs conju-

gated to small molecules (MW!3,000 Da).65,66 The guanidinium groups of the CPPs form

bidentate hydrogen bonds with the negative residues on the cell-surface; the resulting ion pairs

then translocate across the cell membrane under the influence of the membrane potential. The ion

pair dissociates on the inner side of the membrane, releasing the CPPs into the cytosol. The number

of guanidinium groups is critical for translocation with around eight groups being the optimum

number for the efficient translocation.

A recent mechanism proposed for CPP-conjugated to large cargos (MWO30,000 Da) is

nonclathrin, noncaveolar endocytosis, called macropinocytosis. Macropinocytosis is a nonspecific

form of cellular uptake, brought about by large vesicles known as macropinosomes that are gener-

ated from the actin filaments.67 Because a majority of fusion proteins remained entrapped in

macropinosomes, the TAT transduction domain was conjugated to a fusogenic peptide, the

N-terminus domain of the influenza virus hemagglutinin protein HA2, to trigger the release of

the TAT-fusion protein from endosome, enhancing their nuclear transport. A very recent study also

demonstrates the macropinocytosis mechanism for small PTD peptides (1,000–5,000 Da).68

Therefore, it looks like that more than one mechanism works for CPP-mediated intracellular

delivery of small and large molecules. Individual CPPs or CPP conjugated to small molecules are

internalized into cells via electrostatic interactions and hydrogen bonding, whereas CPP conjugated

to large molecules occur via the energy-dependent macropinocytosis. However, in both cases, the

direct contact between the CPPs and negative residues on cell-surface is a requisite for

successful transduction.

Because the majority of the studies believe in endocytosis as a major mechanism for transduc-

tion, an important moment is the escape of CPPs from the endosomes and their translocation to the

nuclei. Studies suggest that endosomal acidification prior to the disruption is required for CPP

escape.69 Another study suggested that the TAT-fusion proteins enter cells via the endosomal

pathway, circumvent lysosomal degradation, and then sequester in the periphery of the nuclei.70

Overall, the efficiency of nuclear translocation process is limited.
31.4 INTRACELLULAR DELIVERY OF PHARMACEUTICAL

NANOCARIERS WITH CPPs

The applications of TAT-mediated delivery extend to nanoparticles delivery inside cells. The

concept of TAT-mediated nanoparticle delivery was first realized in 1999 when dextran-coated

superparamagnetic iron oxide nanoparticles (size ca. 40 nm) conjugated to TATp (48–57), showing

significantly higher uptake in lymphocytes in vitro than control TAT-free particle.71 The technique

showed potential for magnetically labeling cells in order to allow for their magnetic separation or

magnetic resonance (MR) imaging. In vivo, TATp effectively transduced iron nanoparticles into

hematopoietic and neural progenitor cells for stem cell analysis72 and into T-cells for MR

imaging.73 Contrary to nuclear translocation of TATp, particulate TATp-iron conjugates were

observed in the cytoplasm and not in the nuclei.74 Because superparamagnetic nanoparticles

were shown to be useful MR contrast agents for imaging and for cell labeling and cell tracking,

the conjugation of such nanoparticles with TATp provides better signal from the treated cells for

MR imaging.75 For in vivo MRI, cells need to be labeled with magnetic particles through inter-

nalizing receptors. The limitation, however, is that most of the cells lack efficient internalization
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receptors or pathways. This problem was overcome by attaching the CPP such as TAT peptide (48–

57) to the dextran-coated superparamagnetic iron oxide particles (CLIO). The average size of the

particles was 41 nm, and the conjugate carried average 6.7 TAT moieties per particle. The cellular

uptake studies of TAT-CLIO were performed on mouse lymphocytes, human natural killer cells,

and HeLa cells. In all the three cell lines tested, the uptake of TAT–CLIO nanoparticles was about

100-fold higher than the nonmodified iron oxide particle. The labeling with TAT–CLIO did not

induce toxicity and did not alter the differentiation or proliferation pattern of CD34C cells. The

TAT–CLIO-labeled CD34C cells and control cells were subsequently intravenously injected into

the immunodeficient mice.75 Around 4% of the injected dose of the cells migrated to the bone

marrow (per gram of the tissue), and the labeled and control cells showed similar biodistribution

profile. Nonetheless, it was possible to visualize the labeled cells by MRI within mouse bone

marrow at the single-cell level. Also, such magnetically labeled cells could be recovered from

the bone marrow after in vivo homing using magnetic separation columns.

Similarly, gold nanoparticles were also modified with TATp.76 As with iron-conjugates, these

particles did not reach the cell nuclei in experiments with NIH3T3 and HepG2 cells. The uptake of

the particles was found to proceed by endocytosis. TATp (48–57) was also conjugated to FITC-

doped silica nanoparticles (FSNPs) for bioimaging purposes.77 TATp-modified nanoparticles have

also been investigated for their capability to deliver the diagnostic and therapeutic agents across the

blood–brain barrier.78 TATp–FSNPs were prepared by microemulsion system and studied for

labeling of human lung adenocarcinoma cells (A-549) in vitro. The cells were efficiently labeled

with TAT–FSNPs, unlike FSNPs that showed no effective labeling. For in vivo bioimaging

potential, TAT–FSNPs were intraarterially administered to the rats’ brains. TAT-conjugated

FSNPs labeled the brain blood vessels, showing the potential for delivering agents to the brain

without compromising the blood–brain barrier.

A new application of CPP-mediated delivery is the labeling of cells with quantum dots using

CPP-modified quantum dot-loaded polymeric micelles.79 Quantum dots are gaining popularity over

standard fluorophores for studying tumor pathophysiology because they are photostable and are

very bright fluorophores. They can be tuned to a narrow emission spectrum, and they are relatively

insensitive to the wavelength of the excitation light. Quantum dots have the ability to distinguish

tumor vessels from both the perivascular cells and the matrix with concurrent imaging. Quantum

dots were trapped within micelles prepared of PEG–phosphatidyl ethanolamine (PEG–PE) conju-

gates bearing TAT–PEG–PE linker. TAT-quantum dot conjugates could label mouse endothelial

cells in vitro. For in vivo racking, bone marrow-derived progenitor cells were labeled with TAT-

bearing quantum dot-containing micelle ex vivo and then injected in the mouse bearing tumor in a

cranial window model. It was then possible to track the movement of labeled progenitor cell to

tumor endothelium, introducing an attempt toward understanding fine details of tumor

neovascularization.

CPPs have also been used to enhance the delivery of genes via solid lipid nanoparticle (SLN).80

SLN gene vector was modified with dimeric TATp (TAT2) and compared with polyethylenimine

(PEI) for gene expression in vitro and in vivo. The presence of TAT2 in SLN gene vector enhanced

the gene transfection compared to PEI both in vitro and in vivo. In another study, TATp (47–57)

conjugated to nanocage structures showed binding and transduction of the cells in vitro.81 The shell

cross-linked (SCK) nanoparticles were prepared by the micellization of amphiphilic block copo-

lymers of poly(epsilon-caprolactone-b-acrylic acid) and conjugated to TATp that was

independently built on a solid support, resulting in TAT-modified nanocage conjugate. Such

conjugate was analyzed by confocal microscopy with CHO and HeLa cells. The conjugated nano-

particles showed binding and transduction inside the cells. The authors then characterized the SCK

nanoparticles for the optimum number of TATp per particle required to enhance the transduction

efficiency.82 The authors prepared the conjugates with 52, 104, and 210 CPP peptides per particle

that were then evaluated for the biocompatibility in vitro and in vivo.83 In vitro studies showed the

inflammatory responses to the conjugates, but in vivo evaluation of the conjugates in mice did not
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result in major incompatible responses. Therefore, TATp–SCK conjugate can be used as scaffolds

for preparing antigen for immunization.

TAT-mediated nanoparticulate delivery is also finding its way in vaccination fields to elicit

better immune response. When TAT (1–72)-coated anionic nanoparticles were used to immunize

mice, it generated antibodies and T helper type-1 immune response to TAT.84 In another study,

TAT microspheres were used for vaccinations.85 Anionic microspheres of different compositions,

size, and surface charge density were prepared, and all of them adsorbed biologically active TAT

protein in a reversible mode. The microspheres were intracellularly delivered by TAT and were not

toxic, both in vitro and in vivo.
31.5 INTRACELLULAR DELIVERY OF LIPOSOMES WITH CPPs

CPPs have also augmented the delivery of liposomal drug carriers. TAT peptide (47–57)-modified

liposomes could be intracellularly delivered in different cells such as murine Lewis lung carcinoma

(LLC) cells, human breast tumor BT20 cells, and rat cardiac myocyte H9C2 cells.86 The liposomes

were tagged with TAT peptide via the spacer p-nitrophenylcarbonyl–PEG–PE at the density of 500

TAT peptide per single liposome vesicle. It was shown that the cells treated with liposomes where

TAT peptide–cell interaction was hindered either by direct attachment of TAT peptide to the

liposome surface or by the long PEG grafts on the liposome surface shielding the TAT moiety

did not show TAT-liposome internalization; however, the preparations of TAT-liposomes that

allowed for the direct contact of TAT peptide residues with cells displayed an enhanced uptake

by the cells. This suggested that the translocation of TAT peptide (TATp)-liposomes into cells

requires direct free interaction of TAT peptide with the cell surface. Further studies on the intra-

cellular trafficking of rhodamine-labeled TATp-liposomes loaded with FITC-dextran revealed that

TATp-liposomes remained intact inside the cell cytoplasm within 1 h of translocation; after 2 h,

they migrated into the perinuclear zone, and eventually, the liposomes disintegrated there.87

The TATp-liposomes were also investigated for their gene delivery ability. For this, TATp-

liposomes prepared with the addition of a small quantity of a cationic lipid (DOTAP) were

incubated with DNA. The liposomes formed firm noncovalent complexes with DNA. Such

TATp-liposome-DNA complexes, when incubated with mouse fibroblast NIH 3T3 and cardiac

myocytes H9C2, showed substantially higher transfection in vitro with lower cytotoxicity than

the commonly used Lipofectinw. NIH/3T3, BT20, or H9C2 cells were transfected by incubation

with TAT peptide–liposome/plasmid complexes in serum-free media for 4 h at 378C under 6%

CO2. The flow cytometry data demonstrated that the treatment of NIH/3T3 cells with TAT peptide–

liposome/pEGFP-N1 complexes results in high fluorescence, i.e., high transfection outcome.

Similar results were obtained with all cell lines tested. Confocal microscopy confirmed the trans-

fection of both HCC150 and H9C2 cells with TAT peptide–liposome/DNA complexes

(Figure 31.1). From 30 to 50% of both cell types in the field of view show a bright green fluor-

escence, whereas lower fluorescence was observed in virtually all cells. Under in vivo conditions,

the intratumoral injection of TATp-liposome–DNA complexes into the LLC tumor in mice resulted

in an efficient transfection of the tumor cells. Histologically, hematoxylin/eosin-stained tumor

slices in both control and experimental animals showed a typical pattern of poorly differentiated

carcinoma; however, under the fluorescence microscope, samples from control mice (nontreated

mice or mice injected with TAT peptide–free liposome/plasmid complexes) showed only a back-

ground fluorescence, and slices from tumors injected with TAT peptide–liposome/plasmid

complexes contained bright green fluorescence in tumor cells, indicating an efficient TAT

peptide-mediated transfection. The study implicated the usefulness of TATp-liposomes for

in vitro and localized in vivo gene therapy.

Another study examined the kinetics of uptake of the TAT- and penetratin-modified lipo-

somes.88 It was found that the translocation of liposomes by TAT peptide or penetratin was
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FIGURE 31.1 The enhancement of the liposome-mediated transfection by TAT peptide. HCC1500 cells

(human breast carcinoma; a,b) or H9C2 cells (murine myoblasts; c) were incubated with the presence of

liposome/pEGFP-N1 plasmid (encoding for the Green Fluorescence Protein, GFP) complexes (10 mg DNA per

100,000 cells) for 4 h at 378C. The transfection efficiency (the appearance of the green fluorescence of the GFP

inside cells) was detected after 72 h. (a), Cells were incubated with control plain (TAT-free) plasmid-bearing

liposomes; (b,c), Cells were incubated with plasmid-bearing TAT-liposomes of the same composition. (a), (b)

and (c)—fluorescent microscopy with FITC filter. Background transfection can only be seen with controls,

whereas the introduction of TAT peptide into the preparation provides a dramatic enhancement of the GFP

expression, i.e., increases the transfection efficiency.
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proportional to the number of peptide molecules attached to the liposomal surface. A peptide

number of as few as five was already sufficient to enhance the intracellular delivery of liposomes.

The kinetics of the uptake were peptide- and cell-type dependent. With TATp-liposomes, the

intracellular accumulation was time-dependent, and with penetratin-liposomes, the accumulation

within the cells was quick to reach the peak within 1 h, after that, it gradually declined.

A study on the similar lines showed that Antp (43–58) and TAT (47–57) peptides coupled to

small unilamellar liposomes were accumulated in higher proportions within tumor cells and

dendritic cells than unmodified control liposomes.89 The uptake was time- and concentration-

dependent, and at least, 100 PTD molecules per small unilamellar liposomes were required for

efficient translocation inside cells. The uptake of the modified liposomes was inhibited by the

preincubation of liposomes with heparin, confirming the role of heparan sulfate proteoglycans in

CPP-mediated uptake.

In a different approach for improving the transfection and protecting DNA from degradation,

thiocholesterol-based cationic lipids (TCL) were used in the formation of nanolipoparticles (NLPs).

The NLPs were sequentially modified with TAT peptide that resulted in TAT–NLPs with a zwit-

terionic surface and higher transfection efficiency than for the cationic NLPs.90
TABLE 31.1
Intracellular Delivery of Nanoparticles by CPPs

Particle and size CPP Cell

CLIO (MION) particles,

40 nm

TATp Mouse lymphocytes, human natural killer, HeLa, human hematopoietic

CD34C, mouse neural progenitor C17.2, human lymphocytes CD4C,

T-cells, B-cells, macrophages

Gold particles, 20 nm TATp NIH3T3, HepG2, HeLa, human fibroblast HTERT-BJ1

Quantum dot-loaded

polymeric micelles,

20 nm

TATp Mouse endothelial cells, bone marrow-derived progenitor cells

Sterically stabilized

liposomes, 200 nm

TATp Mouse LLC, human BT20, rat H9C2, LLC tumor in mice

Sterically stabilized

liposomes, 65–75 nm

TATp or

penetratin

Human bladder carcinoma HTB-9, murine colon carcinoma C26, human

epidermoid carcinoma A431, human breast cancer SK-BR-3, MCF7/WT,

MCF7/ADR, murine bladder cancer MBT2, dendritic cells
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Although initial studies suggested an energy-independent character for the internalization of

TATp-liposomes,86 recent studies have revealed the endocytosis as the main mechanism for the

intracellular uptake of TATp-liposomes. As was shown in M. M. Fretz, et al.,93 the conjugation of

TAT peptide to lipoplexes enhanced the gene transfection in primary cell cultures by the endocytic

uptake. Similarly, coupling of TAT peptide to the outer surface of liposomes resulted in an

enhanced binding and endocytosis of the liposomes in ovarian carcinoma cells.92 The binding

was inhibited in the presence of heparin or dextran sulfate, suggesting that the proteoglycans

expressed on the cell surface are also involved in cell binding in this case. In contrast, a new

class of transducing peptides, haptides, after binding to the liposomal surface, augmented lipo-

somes penetration through the cell membrane into the cell cytoplasm by a nonreceptor mediated

process,93 confirming that a variety of mechanisms could be involved in CPP-mediated intracellular

delivery of nanoparticulates.

CPPs clearly can serve as versatile delivery vectors for intracellular drug delivery. They can

bring inside cells a wide range of cargos of different sizes—from small molecules to relatively large

nanoparticles (see Table 31.1 for nanoparticles). Of the different CPPs used, TATP remains the

most frequently used for this purpose in experimental cancer therapy. Intracellular cytoplasmic

delivery of drugs and DNA by CPP-modified pharmaceutical nanocarriers may find applications for

in vitro and ex vivo cell treatment as well as in different protocols of local drug application.
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32.1 INTRODUCTION

Various drug delivery systems have been developed or are under development in order to minimize

drug degradation or loss, to prevent harmful side effects, and to increase drug bioavailability and the

fraction of the drug accumulated in the required zone. Among drug carriers, one can name micro-

particles, nanoparticles, synthetic polymers, cell ghosts, lipoproteins, micelles, niosomes, and

liposomes. Each of these carriers offers its own advantages and has its own shortcomings; therefore,

the choice of a certain carrier for each given case can be made only taking into account the

whole bunch of relevent considerations. These carriers can be made slowly biodegradable,

stimuli-sensitive, e.g., pH- or temperature sensitive, and even targeted, e.g., by conjugating them

with various ligands.

Liposomes-encapsulated anti-cancer drugs reveal their potential for increased therapeutic effi-

cacy and decreased nonspecific toxicities as a result of their ability to enhance the delivery of

chemotherapeutic agents selectively or preferentially to tumors (Papahadjopoulos and Gabizon

1995; Martin 1998). However, these liposomes localize in the tumor extracellular compartment

and are rarely taken up by the cancer cells located deep within the tumor (Papahadjopoulos et al.

1991a, 1991b; Gabizon and Papahadjopoulos 1992) so that these cancer cells are readily reached

with high concentration of drug and are given an opportunity to opt for drug-resistance. To further

enhance cytotoxic efficacy, selective delivery of drugs to target cells can be achieved through

liposomes appended with antibodies (Maruyama et al. 1990; Lopes de Menezes, Pilarski, and
643
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Allen 1998), serum proteins (Brown and Silvius 1990; Lundberg, Hong, and Papahadjoppoulos

1993), or antibody fragments (Park et al. 1995; Kirpotin et al. 1997) that categorically recognize

specific determinants (receptors) on target cells. However, attachment of antibodies and larger

proteins to the exterior of liposomes has not been without problems. Chemistries producing phos-

pholipid headgroup-protein coupling are often complex, jeopardizing the subsequent use of such

engineered liposomes, especially in living systems. These chemistries can also change the protein’s

confirmation and do not guarantee the final orientation with respect to either the potential ligand or

the phospholipid bilayer, thereby affecting the effectiveness of the targeting system.

An alternative to the coupling of larger proteins is an anchoring of a defined small peptide

domain on to the liposome surface (Gyongyossy-Issa, Muller, and Devine 1998). Ligand targeting

using small peptides has advantages over the use of large protein molecules such as antibodies.

These include ease of preparation, potentially lower antigenicity, and increased stability (Forssen

and Willis 1998). RGD peptides have reported as effective in delivering cytotoxic molecules to the

tumor vasculature (Arap, Pasqualini, and Ruoslahti 1998; Ellerby et al. 1999; Gerlag et al. 2001;

Schiffelers et al. 2003).
32.2 TUMOR VASCULATURE TARGETING

There are many potential barriers to the effective delivery of chemotherapeutic agents, having

narrowest therapeutic indices in all medicines to the disseminated malignant tumors. The nonse-

lective toxic effects on normal tissues restrict the dose of the anti-cancer agents. Through selective

delivery of chemotherapeutic agents into the malignant tumors, the concentration of drugs in the

tumors could be increased. This results in a decrease in the amount and types of nonspecific

toxicites and an increased amount of drug that can be effectively delivered to the tumor. Mono-

clonal antibodies have been used to provide existing targeting opportunities. However, this

approach has met with limited success; only a few antigens are known, and their expression on

the cells within an individual tumor is not necessarily uniform. Moreover, antibodies against tumor

antigens poorly penetrate into solid tumors (Dvorak et al. 1991). Furthermore, antibody targeted

drug delivery may be impaired by clonal selection for cells that have lost the tumor antigen because

tumor cells are genetically unstable and adopt for mutations advantageous for growth. The targeting

of drug delivery systems to the tumor vasculature overcomes some of the problems associated with

conventional tumor targeting.

Angiogenesis is an important process in tumor growth as well as in metastasis. Growth and

survival of tumor cells depend on oxygen and nutrients supplied by the blood. As a consequence,

the size of a tumor is restricted to a few cubic millimeters without the recruitment of new blood

vessels. The architecture of a solid tumor is such that numerous layers of tumor cells are fed by one

blood vessel. This poses a significant barrier for selective delivery of cytotoxic drugs into malignant

tumors that need to extravasate from blood into the tumor tissue to reach the target cell; the larger

the chosen carrier, the less accesible the tumor tissue will be. In contrast, endothelial cells lining the

tumor vasculature are easily accessible for these macromolecular preparations. The tumor vascu-

lature targeting is a valuable tool for selective delivery of drugs is which either do not reach the

target cells insufficiently or are too toxic to non-target cells when administered systemically.

Figure 32.1 shows the principle of targeted chemotherapy to tumor blood vessels.
32.2.1 RATIONALE FOR TUMOR VASCULATURE TARGETING

Vascular targeting offers several benefits over conventional targeting to tumor cells (Table 32.1).

The endothelium of the tumor vasculature is readily accessible to a circulating probe, whereas a

conventional tumor targeting probe has to overcome the high interstitial pressure within the solid
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tumor by penetrating among closely packed tumor cells and dense tumor stroma (Dvorak et al.

1991).

The survival and growth of the tumor cells largely depend on blood supply to them. An anti-

cancer therapy directed against the tumor vasculature does not have to eliminate every endothelial
TABLE 32.1
Comparison Between Conventional Tumor Targeting and Vascular Tumor Targeting

Feature Conventional Tumor Targeting Vascular Tumor Targeting

Pharmacokinetic system Multiple compartment Single compartment

Primary target cell type Malignant tumor cells Non-malignant activated tumor

vascular cells

Target cell accessibility Poor Good

Receptor Tumor antigen Angiogenic markers

Receptor expression Uneven and heterogeneous Possibly uniform and homogeneous

Homing moiety Monoclonal antibodies Monoclonal antibodies, peptides

Therapeutic moiety Cytotoxic drug Cytotoxic drug, angiogenesis

inhibitors

Target cell genome Genetically unstable cells Genetically stable, diploid cells

Acquired cytotoxic drug resistance Yes Not yet reported

Posttargeting amplification loop Absent Present

Complete elimination of target cell Required Not required

Potential clinical applicability Limited by antigen heterogeneity Broad, as angiogenic markers may be

shared
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cell; partial denuding of the endothelium is likely to lead to the formation of an occlusive thrombus

that stops flow to the part of the tumor served by the vessel. In addition, tumor vasculature targeting

has an intrinsic amplification mechanism. It has been estimated that elimination of a single endo-

thelial cell can inhibit the growth of approximately 100 tumor cells (Denekamp 1993). Moreover,

tumor endothelial cells are diploid and non-malignant, and they are unlikely to lose cell surface

target receptors or acquire drug resistance through mutation and clonal evolution.

Oncologists have long recognized that tumors commonly develop resistance to chemotherapy,

whereas normal tissues do not. Therefore, toxicity to normal tissues such as chemotherapy-induced

myelosuppression continues to occur even after tumor cells have become drug resistant and

progress in the face of continued treatment. Endothelial cells, being non-malignant cells, are

expected to behave in a manner analogous to bone marrow cells. Long-term antiangiogenic

therapy has not been shown to produce drug resistance in experimental animals (Boehm et al.

1997) or in clinical trials (Folkman 1997).

32.2.2 MOLECULAR TARGETS IN ANGIOGENIC TUMOR VASCULATURE

For successful targeting to angiogenesis-associated blood vessels, angiogenic endothelial cells need

to be discriminated from the normal quiescent endothelium. In the past decade, using cellular and

molecular biological approaches, many receptors, e.g., avb3 (vitronectin receptor), VEGFR, MMP-

2/-9, endoglin (CD105), and aminopeptidase N (CD13), have been identified to be differentially

upregulated on tumor endothelial cells. These receptors can be explored as target determinants for

drug targeting purposes (Table 32.2).

Several approaches exploiting different target epitopes/determinants were investigated for their

potential to interfere with the endothelial neovascularization. VEGFR-I and VEGFR-2 are over-

expressed on tumor vasculature, while being present at a low density in the surrounding normal

tissues. VEGF-dephtheria toxin conjugate treatment of tumor bearing mice resulted in selective

vascular damage in the tumor tissue and inhibited tumor growth (Olson et al. 1997). Histological

studies revealed that conjugate treatment spared the blood vessels of normal tissues such as liver,

lung, and kidney from being damaged.

Endoglin (CDI05) is a transmembrane glycoprotein, over-expressed in the vasculature of

tumors and other tissues undergoing vascular remodelling (Miller et al. 1999). Differential
TABLE 32.2
Potential Target Epitopes on Tumor Vascular Endothelium

Target Epitope Reference

30.5-kDa antigen Hagemeier et al. (1986)

CD34 Schlingemann et al. (1990)

VEGF/VEGF receptor complex Ramakrishnan et al. (1996)

VEGF receptor Dvorak et al. (1991)

Endosialin Rettig et al. (1992)

E-selectin Nguyen et al. (1993)

aV integrins Brooks et al. (1994)

Endoglin Burrows et al. (1995)

Tie-2 Sato et al. (1995)

TNF a receptor Eggermont et al. (1996)

CD44 Griffioen et al. (1997)

Angiostatin receptor Moser et al. (1999)

Endostatin receptor Chang et al. (1999)

MMP-2/MMP-9 Koivunen et al. (1999)
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up-regulation of endoglin presents an interesting opportunity to the selective delivery of cytotoxic

molecules to the target endothelial cells. Several monoclonal antibodies specific for human endo-

glin have been produced (Seon et al. 1997). Radioiodinated monoclonal antibodies (10 mi) given to

tumor-bearing animals significantly inhibited the tumor growth. This indicates the clinical potential

of cytotoxic agent targeting using endoglin (Tabata et al. 1999).

Other receptors over-expressed in tumor vessels include FGF receptors and Tie-2 receptors.

Davol and colleagues prepared an endothelial cell-specific cytotoxic conjugate (Davol et al. 1995)

by chemically linking the plant-derived ribosomal inhibitory protein saporin to FGF. The FGF-

saporin conjugate inhibited proliferation of endothelial cells effectively in vitro. Radioimmu-

notherapy using 213Bi or 131I targeted to lung vasculature with a monoclonal antibody against

thrombomodulin has been reported (Kennel and Mirzadeh 1998). Because thrombomodulin is

selectively expressed in the pulmonary blood vessels, the antibody homed to lungs resulted in

destruction of small tumor colonies. Cationic liposomes were used to target angiogenic vasculature

in mouse pancreatic islet cell tumors. Confocal microscopy demonstrated a 15- to 33-fold prefer-

entially higher uptake of the liposomes by angiogenic than normal endothelial cells (Thurston et al.

1998).

Erkki Ruoslahti and colleagues (1996) developed a novel targeting strategy by using poly-

peptidal system capable of delivering cytotoxic drugs selectively to integrins. An in vivo selection

of phage display libraries identified peptides that specifically home to tumor blood vessels.

Ruoslahti’s research group identified two major classes of peptides, one containing the RGD

motif and the other containing an NGR motif. These polypeptides were then chemically linked

to the anti-cancer drug doxorubicin. Treatment of breast carcinoma-bearing mice with the conju-

gated doxorubicin caused selective vascular damage in the tumors with consequential strong anti-

tumor effect at a 10–40 times lower concentration as compared of free doxorubicin, whereas liver

and heart toxicity was significantly reduced compared to that observed with free doxorubicin (Arap,

Pasqualini, and Ruoslahti 1998). Their results illustrate the potential of targeting therapeutic agents

to integrins expressed on the vasculature of tumors as an effective means of cancer treatment. Other

approaches have also been used, e.g., toxic drugs (Arap, Pasqualini, and Ruoslahti 1998; Arora

et al. 1999), apoptosis-inducing agents (Ellerby et al. 1999), cytokines (Curnis et al. 2000), and

therapeutic genes (Hood et al. 2002) were delivered to the tumor endothelial cells, leading to

reduced tumor growth. Furthermore, angiogenesis and tumor growth were inhibited upon occlusion

of blood vessels by targeting coagulation factors to tumor vasculature (Huang et al. 1997; Ran et al.

1998). Recently, immune effector cells have successfully been targeted to angiogenic blood vessels,

with resultant lysis of tumor endothelial cells and suppression of tumor growth (Niederman et al.

2002).
32.3 ROLE OF RGD IN INTEGRIN- AND FIBRONECTIN-MEDIATED BIOEVENTS

Among the many molecules that are selectively expressed in angiogenic vasculature, the integrins

show particular promise in tumor targeting. Saiki and co-workers reported that tumor angiogenesis

can be inhibited by blocking the interaction between integrins and the RGD motif-containing extra

cellular matrix proteins (Saiki et al. 1990). One of the most studied target epitopes on angiogenic

neovasculature is the avb3 integrin. Studies show that avb3 and avb5 integrins are upregulated in

angiogenic endothelial cells (Brooks, Clark, and Cheresh, 1994a) and the inhibition of these

integrins by antibodies, cyclic RGD peptides (Brooks et al. 1994b) and RGD peptidomimetics

(Carron et al. 1998) can block neovascularization.

32.3.1 INTEGRINS

Members of the integrin family of adhesion molecules are non-covalently-associated a/b hetero-

dimers that mediate cell–cell, cell–extracellular matrix, and cell–pathogen interactions by binding
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to distinct, but often overlapping, combinations of ligands. Eighteen different integrin a-subunits

and eight different b-subunits have been identified in vertebrates that form at least 24 a/b hetero-

dimers, perhaps making integrins the most structurally and functionally diverse family of cell-

adhesion molecules (Hynes 1992; Springer 1994) (Figure 32.2). Half of integrin a-subunits

contains inserted (I) domains that are the principal ligand-binding domains (Shimaoka 2002).

The complexity and structural and functional diversity of integrins allow this family of adhesion

molecules to play a pivotal role in broad contexts of biology, including inflammation, innate and

antigen specific immunity, haemostasis, wound healing, tissue morphogenesis, and regulation of

cellular growth and differentiation. Conversely, disregulation of integrins is involved in the patho-

genesis of many diseased states from autoimmunity to thrombotic vascular diseases to cancer

metastasis (Curley, Blum, and Humphries 1999). Therefore, extensive efforts have been directed

toward the discovery and development of integrins antagonists for clinical applications.

Significant advances have been made in targeting aIIbb3 integrins on platelets for inhibiting

thrombosis (Scarborough and Gretler 2000), avb3 and avb5 for blocking tumor metastasis, angio-

genesis and bone resorption (Varner and Cheresh 1996) and b2 integrins and a4 integrins on

leukocytes for treating autoimmune diseases and other inflammatory disorders (Giblin and Kelly

2001; Yusuf-Makagiansar et al. 2002). Small-molecules, i.e., integrin inhibitors not only interfere

with ligand binding but also stabilize particular integrin conformations that have provided insights

into integrin structural rearrangements.

The general structural features of all integrins appear to be similar. Both a- and b-subunits are

transmembrane glycoproteins with large globular amino-terminal extracellular domains that,

together, make up an ellipsoidal head (Figure 32.3). Each subunit provides a relatively thin leg

that traverses across the plasma membrane and ends into a relatively small cytoplasmic tail of less

than 60 amino acids. The only known integrin that does not fit this general description is b4 integrin

that has a cytoplasmic domain of close to 1000 amino acids (Suzuki and Naitoh 1990; Tamura et al.

1990).
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FIGURE 32.2 Integrin heterodimer composition. Integrin a- and b-subunits form 24 heterodimers that recog-

nize distinct, but overlapping, ligands. (Adapted from Hynes, R. O., Cell, 69, 11, 1992.)
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FIGURE 32.3 The structural model of a5b1 integrin adhesion molecule. A structural model based on

predicted primary structure and electron microscopy visualization of purified integrin is shown. The a5-

subunit consists of part of the globular extracellular domain and one leg that contains predicted 12 b strands

(gray box). The b1- subunit makes up the remainder of the globular extracellular domain. The b1- subunit also

contains five cysteine-rich repeats. Both the a5- and b1- subunits have transmembrane domains and small

cytoplasmic domains. (Adapted from Varner, J. A. and Cheresh, D. A., Important Adv. Oncol., 69, 1996.)
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The b1 integrins that can bind fibronectin include a3b1, a4b1, a5b1, and avb1. Many integrins,

including the a3b1, a5b1, avb1, avb3, avb5, avb6, and the aIIbb3, recognize the RGD site located in

adhesive proteins (Table 32.3). The fibronectin-specific integrin that consists of an a5 subunit and a

b1 subunit is the major fibronectin receptor expressed on most of the cells. This integrin mediates

such cellular responses to fibronectin as adhesion, migration, assembly of a cytoskeleton, and

assembly of the fibronectin extracellular matrix (The a5b1 integrin interacts with the central cell

adhesive region of fibronectin and requires both the RGD and synergy sites for maximal binding

(Obara and Yoshizato 1995). The major platelet integrin aIIhb3 also recognizes a similar synergy

site in fibronectin for mediating platelet interactions with fibronectin (Bowditch et al. 1994).
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TABLE 32.3
Integrin Receptors and Their Binding Sites

Receptor Ligand
Receptor-Mediated
Action

Amino Acid Sequence
Recognized

a2b1 Collagen Adhesion DGEA

a5b1 Fibronectin Adhesion RGD

a6b1 Laminin Adhesion YIGSR

aIIbb3 Fibrinogen Aggregation KQAGDV or RGD

Fibronectin Aggregation RGD

von Willebrand factor Aggregation RGD

Vitronectin Aggregation RGD

a6b3 Vitronectin Adhesion RGD

Fibrinogen Adhesion RGD

Fibronectinvon Adhesion RGD

von Willebrand factor Adhesion RGD

Nanotechnology for Cancer Therapy650
32.3.2 FIBRONECTIN

Fibronectin is a large adhesive glycoprotein found in extracellular matrices and body fluids

(Mosher 1989; Carsons 1990; Hynes 1990). The primary structure of fibronectin is comprised of

three different types of homologous repeating units or modules (Figure 32.4). There are several

alternatively spliced forms of fibronectin that result from the deletion or insertion of complete type

III modules. In addition, one particular region designated as IIICS can be partially inserted or

deleted in some isoforms by alternative splicing. The homologous modules comprising of fibro-

nectin are arranged in protease-resistant domains that are separated by more flexible, protease-

susceptible regions. When cleaved from intact fibronectin by partial proteolysis or expressed in

bacterial or mammalian cells and individually purified, these domains often retain the specific

binding functions of intact fibronectin such as those for he-parin, fibrin, denatured collagen

(gelatin), and cell surface receptors.

Fibronectin contains at least two distinct regions that can independently interact with distinct

cell surface receptors. The first fibronectin cell-adhesive site to be identified was isolated in the

form of protease-resistant fragments of 110–120 kDa, 75 kDa, and 37 kDa (Ruoslahti 1981;

Hayashi and Yamada 1983; Zardi et al. 1985; Nagai et al. 1991) derived from the central

portion of the protein. Such fragments of fibronectin retained similar cell adhesive activities as

those of intact fibronectin. The cell adhesive activity attributed to these fragments was initially

localized to the tenth type III module in the form of an 11.5 kDa pepsin fragment (Pierschbacher,
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FIGURE 32.4 Structure of fibronectin. Fibronectin is composed of three types of internal repeating modules

designated as Type I, Type II, and Type II. The ED-A, ED-B, and III-C-S modeules can be present or absent in

some forms of fibronectin as a result of alternative splicing. The binding domains are indicated at the top. The

central cell-binding domain consists of ninth and tenth Type III nodules, containing the minimal PHSRN and

RGD cell recognition sequence (Adapted from Mosher, D. F., Fibronectin, Academic Press, NY, p.474, 1989.)
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Hayman, and Ruoslahti 1981) and to a smaller peptide with the sequence Gly-Arg-Gly-Asp-Ser

(GRGDS). Although the 11.5 kDa fragment and synthetic peptides containing the RGD sequence

can inhibit fibronectin cell-adhesive functions in vitro and in vivo when added as soluble inhibitors

(Pierschbacher and Ruoslahti 1984; Lash, Linask, and Yamada 1987), they only poorly promote

cell adhesion mediated by the major fibronectin receptor a5b1 integrin, and their affinities are too

low to be estimated in direct binding studies (Akiyama and Yamada 1985), suggesting that

sequences outside of the tenth type III module are also important for maximal cell binding

and adhesion.

This additional fibronectin sequence that is important for maximal cell adhesive activity was

identified and characterized using a series of mutants of the central fibronectin cell adhesive region

expressed in E. coli (Aota, Nagai, and Yamada 1991) and anti-fibronectin monoclonal antibodies

(Nagai et al. 1991). Fragments containing the RGD sequence but truncated approximately 10–

14 kDa to the amino-terminal side of the RGD sequence were !4% as active as compared to intact

fibronectin in mediating cell adhesion, whereas fragments containing these amino terminal

sequences retained O97% of the activity of intact fibronectin. The novel, amino-terminal (non-

RGD) site appeared to act synergistically with the RGD site to promote better cell adhesion, leading

to its designation as a synergistic adhesive site or synergy site.

The biological function of the synergistic cell adhesive site was characterized by using a panel

of anti-fibronectin monoclonal antibodies (mAbs) developed to bind a 37 kDa cell adhesive fibro-

nectin fragment. One of these antibodies, designated 8E3, bound to the ninth type III module at a

site approximately 14–16 kDa to the amino-terminal side of the RGD sequence and close to the

synergy site identified by mutational studies. Other mAbs that inhibited cell adhesion such as 333

(Akiyama et al. 1985) and 16G3 bound to the tenth type III module and inhibited the RGD site.

Interestingly, there was also an antibody, designated 13G12, that bound to fibronectin between the

RGD and synergy sites but did not inhibit cell adhesion. Antibodies that bound near the RGD and

synergy sites could each individually inhibit cell spreading at high concentrations. Furthermore,

mAb 8E3 and mAb 16G3, at concentrations too low to inhibit individually spreading, can be highly

inhibitory in combination, underscoring the synergistic nature of the two cell adhesive sites.

Antibody inhibition experiments have also shown that both the RGD and synergy sites function

in cell migration and cytoskeleton assembly on fibronectin substrates as well as in the assembly of a

fibronectin extracellular matrix (Nagai et al. 1991), indicating that both sites are required for a

range of fibronectin activities.
32.3.3 RGD-MEDIATED METASTASIS INHIBITION

A major cause of morbidity and death as a result of cancer is the metastasis of cells from the primary

tumor to distant sites where secondary tumors become established. As schematically shown in

Figure 32.5, metastasis is a multistep process. These steps include detachment of cells from the

tumor mass, degradation of basement membrane, migration to and invasion into the vascular or

lymphatic systems, arrest at a distant site, adhesion to the vascular endothelium, degradation of

basement membrane, extravasation, and migration to and proliferation at the secondary site. Many

of these steps require cell adhesive interactions or loss of adhesion. Tumor cell adhesion to

components of the extracellular matrix and basement membranes is mediated by specific cell

surface receptors that bind to extracellular adhesive proteins. The fibronectin-integrin system has

provided a valuable model system for the study of molecular mechanisms of ligand-receptor

interactions involved in cell adhesive steps in metastasis.

Several different assay systems have been used to directly analyze the role of fibronectin and

integrins in in vivo metastasis, but they all fall into two broad classes. The experimental metastasis

models mainly involve the intravenous injection of tumor cell suspensions into mice and sub-

sequent quantitation of either the number of metastatic colonies or the sizes of colonies usually

in the lungs or liver. Experimental metastasis models, however, exclude the earlier steps of the
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metastatic process involving detachment from the tumor mass and invasion into the vasculature

and, subsequently, replicate only following the final steps of hematogenous metastasis. Spon-

taneous metastasis models where tumors or cells are implanted into mice and subsequent

metastases to distant organs are quantitated either by counting colonies or measuring colony size

are more complicated, but they are required to analyze of the earlier steps of the metastatic cascade.

Synthetic peptides containing the Gly-Arg-Gly-Asp-Ser (GRGDS) sequence derived from

fibronectin were assayed by examining their effects on lung colonization of B16-F10 murine

melanoma cells in syngeneic C57BL/6 mice using an experimental metastasis model (Humphries,

Olden, and Yamada 1986). GRGDS peptide that had a circulatory half-life of approximately eight

minutes specifically inhibited lung colonization in a concentration-dependent manner. The major

effect of the GRGDS peptide appeared to be to inhibit arrest of melanoma cells in the lungs without

affecting the size of either melanoma cell clusters in suspension or lung colonies. The efficacy of

peptide treatment was unaltered in animals with impaired platelet function and in animals lacking

natural killer cells. Taken together, these results suggest that the GRGDS peptide could inhibit

metastasis by disrupting an early adhesive process. As shown in Figure 32.6, a single administration

of the GRGDS peptide also had the dramatic effect of increasing the survival of mice when

co-injected with melanoma cells (Humphries, Yamada, and Olden 1988).

RGD peptides and RGD mimetics are very promising molecules. RGD peptides not only inhibit

metastatic colony formation but a single administration of the peptide can dramatically increase

animal survival also however, the use of such agents have some drawbacks. One potential problem is

the relatively high concentrations of peptide required for activity. Possible solutions to the problems

may include the use of cyclic peptides and designer peptides that reportedly increased the affinity for

cell surface integrins or the use of repeating polymers containing RGD units (Saiki et al. 1989;

Murata et al. 1991; Yamamoto et al. 1994). Polymers containing RGD sequences have the dual

advantages of augmenting the affinity of small peptide sequences through multivalent interactions

and the possibility of solving the problem of the relatively short circulatory half-life of GRGDS

peptides. An alternative approach would be to develop novel, small, synthetic integrin antagonists.

Such compounds that inhibit RGD-dependent and LDV-dependent cell adhesion have already been

synthesized and tested in mice (Greenspoon et al. 1993, 1994).
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FIGURE 32.6 Effect of GRGDS peptide on survival of C57BL/6 mice injected with B16F10 murine mela-

noma cells. Mice were co-injected with 3!104 B16F10 melanoma cells mixed with 3 mg GRGDS paptide.

(Data are from Humphries et al., J. Clin. Invest., 81, 782, 1988.)
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32.4 RGD-MODIFIED LIPOSOMES FOR CANCER THERAPEUTICS

Cytotoxic drug incorporation into liposomes has been reported since the mid-1970s. These early

reports laid the groundwork for selecting therapeutic agents amenable to incorporation by lipo-

somes as well as determining optimal liposome size and net charge required for effective drug

delivery (Gregoriadis 1976). Early reports also noted the problems associated with liposome-

mediated drug delivery; liposomes were removed from circulation by fixed macrophages in the

RES, particularly in the liver and spleen. Although first-generation liposome-incorporated drugs

may be effective in macrophage-related diseases, particularly in the liver and spleen, many other

tumors would require other drug-targeting mechanisms. Later studies refined many of the consider-

ations required for effective liposome-mediated drug delivery (Drummond et al. 1999).

In 2005, Pattillo et al. developed RGD-modified immunoliposmes for targeting the antivascular

drug combretastatin to irradiated mouse melanomas. Combretastatin was incorporated into lipo-

somes with surfaces modified by the addition of cyclo(Arg-Gly-Asp-D-Phe-Cys) (RGD) to create

an immunoliposome. In this transplanted tumor model (B16-F10 melanoma), there was no signi-

ficant increase in the tumor volume when treated with a single dose of 5-Gy radiation and RGD

modified immunoliposomes (14.5 mg/kg of combretastatin) during the initial six days post treat-

ment; all other treatment groups exhibited exponential growth curves after three days. The

treatment resulted in a 5.1-day tumor growth delay compared to untreated controls. These findings

indicate that preferential targeting of antivascular drugs to irradiated tumors results in significant

tumor growth delay.

Various strategies are adopted to target the sites of tumor-associated angiogenesis or other

inflammatory environments with liposome-immobilized ligands where adhesion receptors (or

ligands) serve as molecular targets (Figure 32.7). Targeting can be achieved using RGD

or YIGSR immobilized on liposome surface and interacting with integrin receptors on normal or

malignant cells that over-express them. Targeting can be achieved using synthetic antibodies

anchored on the liposomes and bind integrins and other cell adhesion molecules molecules by

mimicking their natural ligands. Targeting can be achieved by immobilizing specific carbohydrate

ligands (sLex and sLea) on liposomes that show specific interaction with selectin. These strategies

are directed either to block the normal recruitment of leucocytes during vasculogenesis or for

selective targeting of chemotherapeutic agents to tumor-associated vasculature.

Cyclic RGD peptide, cyclo(Arg-Gly-Asp-Phy-Lys) anchored sterically stabilized liposomes

(RGD-SL) were investigated for selective and preferential presentation of carrier contents at angio-

genic endothelial cells over-expressing alphavbeta3 integrins on and around tumor tissue and for

assessing their targetabilty (Dubey et al. 2004; Dubey 2005). Liposomes were prepared using
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FIGURE 32.7 Liposome-immobilized ligands to target the cell adhesion molecules on tumor vasculature and

extracellular matrix. These liposomes serve as artificial leucocyte to mediate interactions with integrins (a),

integrins and other CAM molecules (b), and selectins (c) with the help of immobilized ligands or anti-receptor

antibody. (Adapted from Vyas, S. P., and Khar, R. K., Novel Carrier Systems, CBS publishers, New Delhi,

p.535, 2001.)
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distearoylphosphatidylcholine (DSPC), cholesterol, and distearoylphosphatidylethanolamine-poly-

ethyleneglycol-RGD peptide conjugate (DSPE-PEG-RGD) in a molar ratio 56:39:5. The control

RAD peptide anchored sterically stabilized liposomes (RAD-SL), and liposome with 5 mol% PEG

(SL) without peptide conjugate that had similar lipid composition were used for comparison. The

average size of all liposome preparations prepared was approximately 105 nm and maximum drug

entrapment was 10.5C/K1.1%. In vitro endothelial cell binding of liposomes exhibited 7-fold

higher binding of RGD-SL to HUVEC in comparison to the SL and RAD-SL (Figure 32.8a).

Table 32.4 and Figure 32.9 indicate RGD-modified liposomes mediated spontaneous lung

metastasis and angiogenesis assays, respectively. RGD peptide-anchored liposomes are signi-

ficantly (p!0.01) effective in the prevention of lung metastasis and angiogenesis compared to
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FIGURE 32.8 (a) Binding of RGD-modified liposomes with HUVEC cells. (b) Effect of various formulations

on tumor angiogenesis by an intradermal injection of B16F10 melanoma. Results are given as means (S.D.)

NZ5 (P !0.01). 5-FU, SL, RGD-SL, and RAD-SL indicate free 5-fluorouracil, stealth liposomes (SL), RGD-

anchored stealth liposomes (RGD-SL), and RAD-anchored stealth liposomes (RAD-SL), respectively

(Adapted from Dubey, P. K., et al., J. Drug. Target., 12, 257, 2004).
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TABLE 32.4
Effect of Free 5-FU, SL, RGD-SL, and RAD-SL on Spontaneous Lung Metastasis in BALB/c

Mice by an Intra-Footpad Injection of B16F10 Melanoma

Formulations

Average Number
of Metastasis/

Mouse
Average Number of Metastasis/

Tumor Bearing Mouse
Number of Metastasis Free Mice

(NZ10)

Control 52G15.5 52G15.5 0

Free 5-FU 46G13.6 46G13.6 0

SL 26G8.6 32G7.65 2

RGD-SL 8G4.2* 16G6.58 5

RAD-SL 28G6.5 31G8.7 1

Source: Dubey et al., J. Drug. Target.,12, 2004. *P!0.01
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free 5-FU, SL, and RAD-SL. In therapeutic experiments, 5-FU, SL, RGD-SL, and RAD-SL were

intravenously administered on day 4 at the dose of 10 mg 5-FU/kg body weight to B16F10 tumor

bearing BALB/c mice, resulting in effective regression of tumors compared with free 5-FU, SL, and

RAD-SL (Dubey et al. 2004). Results indicated that cyclic RGD peptide anchored sterically

stabilized liposomes bearing 5-FU were more significantly (p!0.01) active against primary

tumor and metastasis than the non-targeted sterically stabilized liposomes and free drug

(Figure 32.9). Vascular damage and reduced vascularization were recorded in tumors treated

with RGD-SL, but not in the tumor treated with SL (Figure 32.10). These results also confirmed

that RGD peptide-anchored liposomes cause a marked improvement in therapeutic efficacy and

growth inhibitory effect on tumors.

RGD-modified sterically stabilized liposomes have also been evaluated to improve the anti-

tumor efficacy of doxorubicin (Schiffelers et al. 2003; Xiong et al. 2005). RGD peptide was coupled

to the distal end of the poly (ethylene glycol)-coated liposomes. RGD peptide anchored sterically
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FIGURE 32.9 Anti-tumor efficacy of control (!), free 5-FU (%), SL (&), RAD-SL (C), and RGD-SL (:) in

mice bearing B16F10 melanoma subcutaneously inoculated in the back. The arrow represents the time of

injection. Results are given as means (S.D.) NZ10 (P!0.01). (Adapted from Dubey, P.K. et al., J. Drug.

Target., 12, 257, 2004.)
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FIGURE 32.10 (See color insert following page 522.) Histopathological analysis (hematoxylin and eosin stain)

of B16F10 tumors treated with (a) Stealth liposomes and (b) RGD-modified stealth liposomes (250X). (Adapted

from Dubey, P. K., Development and characterization of biochemical based strategies for tumor targeting. Ph. D.

thesis, Department of Pharmaceutical Sciences, Dr. H. S. Gour University, Sagar (MP) India, 2005.)
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stabilized liposomes (dose 5 mg doxorubicin/kg) have demonstrated prolonged circulation time and

increased tumor accumulation and effective retardation in tumor growth compared with sterically

stabilized liposomes without RGD modification.

Holig and coworkers have isolated from phage display RGD motif libraries with novel high-

affinity cyclic RGD peptides on the basis of their selectivity towards endothelial or melanoma cells

(Holig et al. 2004). Although the starting sequences contained only two cysteine residues flanking

the RGD motif, several of the isolated peptides possessed four cysteine residues. A high-affinity

peptide (RGD10) (DGARYCRGDCFDG) constrained by only one disulfide bond was used to

generate novel lipopeptides composed of a lipid anchor, a short flexible spacer, and the peptide

ligand conjugated to the spacer end. Incorporation of RGD10 lipopeptides into liposomes resulted

in specific and efficient binding of the liposomes to integrin-expressing cells. In vivo experiments

applying doxorubicin-loaded RGD10 liposomes in a C26 colon carcinoma mouse model demon-

strated improved efficacy compared with free doxorubicin and untargeted liposomes.

Administration of large amounts of synthetic peptides based on the Arg-Gly-Asp (RGD)

sequence has been shown to suppress tumor metastasis. To overcome the rapid degradation of

peptides in the circulation, an RGD mimetic, L-arginyl-6-aminohexanoic acid (NOK), was syn-

thesized and conjugated with phosphatidylethanolamine (PE) (NOK-PE) for liposomalization

(Kurohane, Namba, and Oku 2000). Cell adhesion assays revealed that B16BL6 murine melanoma

cells adhered to immobilized NOK-PE. This adhesion was inhibited by the addition of either

soluble RGDS or NOK at similar concentrations in a dose-dependent manner. Administration of

NOK-PE liposomes (equivalent to approximately 500 microg RGD peptides) via the tail vein

completely inhibited lung colonization of B 16BL6 cells. The same dose of soluble NOK was

not effective in inhibition of the tumor metastasis. In addition, injection of NOK-PE liposomes via

the tail vein inhibited spontaneous lung metastasis of B16BL6 cells from the primary tumor site in

the hind footpad. These results suggest that NOK, a structural mimetic of RGD, is capable of

suppressing metastasis by blocking the binding of the integrins present on tumor cells to the RGD-

containing extracellular matrix.
32.5 RGD-MODIFIED LIPOSOMES IN CANCER GENE THERAPY

Gene therapy, by definition, aims at modifying the genetic program of a cell toward a therapeutic or

prophylactic goal. Several gene therapy strategies for tumors are currently under evaluation and

some of them include: the modification of the function of oncogenes and tumor suppressor genes;
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the modification of the host immune response toward the tumor; the disruption of the tumor

neovascularization; the lysis of tumor cells with replication-competent viruses, and suicide gene

therapy where an inactive prodrug is converted into a cytotoxic drug by gene-expressed enzymes.

Both viral and non-viral gene vectors have been investigated and well documented (Ledley 1995).

However, the inefficiency of current gene vectors in infecting targeted cells and their inability to

selectively access the diseased cells systemically distributed are two major impediments that have

to be overcome for further successful clinical applications.

RGD peptides have been used to taget the lipid-protamine-DNA (LPD) lipopolyplexes to tumor

cells (MDA-MB-231), expressing appropriate integrin receptors (Harvie et al. 2003). The incor-

poration of pegylated lipid into Lipid-Protamine-DNA (LPD-PEG) lipopolyplexes causes a

decrease of their in vitro transfection activity. This can be partially attributed to a reduction in

particle binding to cells. To restore particle binding and specifically target LPD formulations to

tumor cells, the lipid-peptide conjugate DSPE-PEG5K-succinyl-ACDCRGDCFCG-COOH

(DSPE-PEG5K-RGD-4C) was generated and incorporated into LPD formulations (LPD-PEG-

RGD). LPD-PEG-RGD was characterized with respect to its biophysical and biological properties.

The incorporation of DSPE-PEG5K-RGD-4C ligands into LPD formulations results in a 5- and

15-fold increase in the LPD-PEG-RGD binding and uptake, respectively, over an LPD-PEG formu-

lation. Enhancement of binding and uptake resulted in a 100-fold enhancement of transfection

activity. Moreover, this transfection enhancement was specific to cells expressing appropriate

integrin receptors (MDA-MB-231). Huh7 cells, known for their low level of avb3 and avb5 integrin

expression, failed to show RGD-mediated transfection enhancement. This transfection enhance-

ment can be abolished in a competitive manner using free RGD peptide, but not an RGE control

peptide. Results demonstrated RGD-mediated enhanced LPD-PEG cell binding and transfection in

cells expressing the integrin receptor. These formulations provide the basis for effective, targeted,

systemic gene delivery.

In 2002, Fahr et al. developed a novel liposomal vector (Artificial Virus Particles; AVPs) for

cancer gene therapy. Artificial virus-like particles (AVPs) represent a novel type of liposomal

vector, resembling retroviral envelopes. AVPs are serum-resistant and non-toxic and can be

endowed with a peptide ligand as a targeting device. These workers investigated if AVPs carrying

cyclic peptides with an RGD integrin-binding motif (RGD-AVPs) were suitable for the specific and

efficient transduction of human melanoma cells. In the experimentation, they prepared Plasmid

DNA-low molecular weight non-linear polyethyleneimine complexes and packaged into anionic

liposomes. Transduction efficiencies were determined after transient transfection of different cell

lines in serum-free medium using green fluorescent protein or luciferase reporter genes. It was

found that RGD-AVPs transduced human melanoma cells with high efficiencies of O60%. Effi-

cient transduction was clearly dependent on the presence of the cyclic RGD ligand and was

selective for melanoma cells. Using the melanocyte-specific tyrosinase promoter to drive transgene

expression, the specificity of the vector system could be further enhanced.
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33.1 INTRODUCTION

Targeted drug delivery is a promising strategy to improve both the efficacy and safety of treatment.

This is especially attractive for cancer therapy as most anti-cancer drugs have only marginal

therapeutic index. Various cellular surface receptors and antigens have been targeted through

different strategies, among which folate receptor (FR) has been one of the targets extensively

investigated. FR is selectively amplified on human malignant cells and can take up folate and its

analogs through a receptor-mediated endocytosis process.1,2 FR-targeted liposomes can be utilized

to deliver therapeutic agents to FR positive cells.3 These liposomes have been evaluated for the

targeted delivery of a wide variety of agents. This review will highlight recent developments on

FR-targeted liposomes with emphasis on the application of this targeted nanoscale delivery system

in cancer therapy. Potential applications of the FR-targeted liposomes in the clinics will also

be discussed.
33.2 THE FOLATE RECEPTOR AS A CANCER-SPECIFIC CELLULAR MARKER

FR, also known as folate-binding proteins (FBP), is an N-glycosylated protein with high binding

affinity to folate. FR has three isoforms, a, b, and g/g 0. FR-a and FR-b are glycosyl-phosphatidyl-

inositol (GPI)-anchored membrane bound proteins,4,5 whereas FR-g/g 0 are constitutively

secreted.1,6,7 The g 0 isoform is a truncated form of FR-g.8 These isoforms display different patterns
663
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of tissue specificity, and they also present differential ligand stereospecificities.1 The two

membrane receptor subtypes, a and b, share high amino acid sequence identity (70%) but are

distinguishable by differential affinities for folic acid and stereoisoforms of reduced folates (affi-

nities for folic acid: FR-a Kdw0.1 nM,9 FR- b Kdw1 nM,10 and FR- g Kdw0.4 nM6).

Expression of FR is both tissue-specific and differentiation dependent. The expression of FR

has been identified by immuno-histochemical staining, reverse transcription-polymerase chain

reaction (RT–PCR), Western blotting, and 3H-folic acid binding both in normal and malignant

tissues.11,12 Functional FR expression is absent in most normal tissues with the exception of the

luminal surface of certain epithelial cells2 where it has limited accessibility to the blood stream. On

the other hand, FR-a is consistently expressed in several carcinomas,12 especially in non-mucinous

ovarian carcinomas, uterine carcinomas, testicular choriocarcinomas, ependymomas, and pleural

mesotheliomas, and it is less frequently expressed in breast, colon, and renal cell carcinomas.2,13

Correlation of FR-a expression level and histologic grade has also been shown in ovarian and

breast cancers, suggesting FR-a as a possible malignant cellular marker for cancers.14 Methods for

upregulating FR-a expression using anti-estrogens and gluococorticoid agonists have recently been

published.15,16 The effect of these agents is further enhanced by histone deacetylase (HDAC)

inhibitors.16 FR-b is a differentiation marker in the myelomonocytic lineage during neutrophil

maturation,17 and it is amplified in activated monocytes and macrophages.18 However, FR-b in

neutrophils is unable to bind folate as a result of aberrant post-translational modifications.19 FR-b
is also expressed in a functional form in chronic myelogenous leukemia (CML), in 70% of acute

myelogenous leukemias (AML),7,17,20,21 and in activated macrophages associated with rheumatoid

arthritis.22 FR-b expression is regulated by retinoid receptors and can be upregulated by all-trans

retinoic acid (ATRA).23 The effect of ATRA is further enhanced by HDAC inhibitors. The selective

amplification of FR-a and FR-b expression in human cancers suggests possible roles for FRs

as cancer specific cellular markers and their potential utility as targets for drug and gene delivery

to these diseases. FR-g/g 0 are reported to be specific to hematopoietic tissues but are expressed

at very low levels.7 FR-g/g 0 are in secreted form, having limited application for targeted drug

delivery but may serve as a serum marker to monitor certain hematological malignancies.7 The

additional possibility of selective FR upregulation in the target cells might further enhance the

targeting strategy.
33.3 TARGETING FR FOR CANCER THERAPY

The selective amplification of FR expression in both human solid tumors and leukemia suggests its

utility as a potentially valuable target for drug and gene delivery. Both monoclonal antibodies (MAbs)

against FR and folate itself have been evaluated as moieties for targeting to the FR.

Two MAbs, MOv18, and MOv19, have been produced against FR-a on ovarian cancers. Both

are murine MAbs of the IgG1 class raised against a poorly differentiated ovarian carcinoma,

recognizing two distinct epitopes.24 Clinical studies on radioimmunoscintigraphy using
131I-MOv18 have been carried out in ovarian cancer patients and demonstrated targeting of

ovarian cancer.25 In addition, a particle-emitter 211At conjugated to MOv18 has been found to

prolong survival in a murine peritoneal tumor model developed by intraperitoneal inoculation of

OVCAR-3 cells.

Folate itself has, in fact, been the focus of recent development of FR targeting ligand. This is

possibly because folate is a low molecular weight (MWZ441) ligand and has high affinity to FR,

the conjugation chemistry of folate is defined and relatively easy to carry out, folate is a compound

of unlimited availability, and folate lacks immunogenicity in contrast to murine MAb. The conju-

gation of folate via its g-carboxyl has been shown to preserve its binding affinity to the FRs. Recent

studies also found that the glutamate residue of folic acid is not critical for FR recognition, and only

pteroic acid is essential for FR binding.61 Similar to the uptake process of the vitamin folate, FRs
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mediate the cellular internalization of folate conjugates via receptor-mediated endocytosis;19,20

therefore, this highly specific event can be utilized to promote uptake of folate-therapeutic agent

conjugates in FR positive cancer cells.

Early proof-of-concept in vivo studies were conducted using either radio-labeled or fluoro-

chrome-labeled folic acid. The selectivity has also been documented in tumor-bearing mice using

radiolabeled folate conjugates such as 67Ga-deferoxamine-folate, 99mTc-hydrazinonicotinic acid

(HYNIC)-folate, and 111In-diethylenetriamine pentaacetic acid (DTPA)-folate as potential folate-

based radiopharmaceuticals.26,27 Among these, 111In-DTPA-folate has been further evaluated in

human clinical trials. Concentration of radioactivity in abdominal masses was found in women

suspected of ovarian cancer, and only the kidneys and livers in some patients displayed significant

retention of 111In-DTPA-folate. This reagent was developed by Endocyte Inc., an Indiana-based

biopharmaceutical company, to be a folate-targeted radiopharmaceutical imaging agent

(FolateScane) and is currently in phase II clinical trial designed to evaluate if FolateScane can

be used to detect and make a disease or pathological assessment of ovarian cancer.

A wide range of therapeutic agents have also been evaluated for enhanced cancer cell selective

delivery. These include chemotherapeutic agents,28 radiopharmaceuticals,29 prodrug-converting

enzymes,30 protein toxins,31 T-cell specific antibodies,32 haptens,30 gene transfer vectors,33,34

antisense oligodeoxyribonucleotides (ODNs),35 polymeric drug carriers,36 and lipo-

somes19,37,38,44,49,51,56–60 carrying a variety of therapeutic agents. These conjugates potentially

have broad applications in numerous imaging and therapeutic modalities.

Based on the action site of therapeutic agents, application of FR-targeted delivery can be

categorized into two types. For hydrophilic compounds with limited permeability through cell

membrane, FR offers an efficient drug uptake pathway that can both specify and facilitate the

accessibility of therapeutic active agents to cancer cells. Folate-conjugates enter FR positive

cells through receptor-mediated endocytosis that is different from passive permeation process.

Delivery to cancer cells through a process different from traditional drug transportation has the

potential to make the drug more accessible to cancer cells. On the other hand, for drugs that are

ready to take effect on the surface of cells such as immunomodulator and prodrug-activating

enzymes, FR may also act as a concentrator for these types of drugs. FRs are generally over

expressed on the cellular surface of various cancer types, and upon binding of FR drug conjugates,

they may enrich these therapeutic agents on the cell surface. Therefore, application of FR-targeted

delivery can be exploited for variety of compounds (Figure 33.1).

Taken together, FR targeting has been investigated as a valuable approach to enhance the

delivery of variety of agents. Therefore, the interest in exploiting this receptor for targeting appli-

cation is still increasing as demonstrated by the active researches conducted in both academia and

industry. Among these, FR-targeted liposome, first designed and investigated by Lee and Low,37,38

has been attractive because of the advantages it possesses as a useful delivery system both for

hydrophilic and hydrophobic agents.
33.4 LIPOSOMES AS DRUG CARRIERS

Liposomes are spherical, self-closed structures composed of lipophilic bilayers with entrapped

hydrophilic core. The development of small size, stable, long-circulating, targeted liposomes has

led to an exciting era in the pharmaceutical application of nanotechnology. Giving the unique

structure of liposomes compared to other drug delivery systems, both lipophilic and lipophobic

therapeutic agents can be delivered by liposomes. The biocompatibility of liposomes, if used with

proper lipid composition, also makes liposomes attractive as safe and effective drug carriers. A

variety of therapeutic agents have been incorporated into liposomes. Several have reached clinical

use. These include liposomal doxorubicin (Doxile), daunorubicin (Daunoxomee), amphotericin B

(Amphotece, Ambisomee, Abelcete), cytarabine (Depocytee), and verteporfin (Visudynee).
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Numerous liposomal formulations are in clinical trial, including vincristine, all-trans retinoid acid,

topotecan, and cationic liposome-based therapeutic gene transfer vectors. Many more are in precli-

nical evaluation. Besides potential use in systemic gene delivery, cationic liposomes are routinely

used as transfection reagents for plasmid DNA and oligonucleotides in the laboratory. The use of

liposomes can be deliberately engineered to possess unique properties such as long systemic

circulation time, pH sensitivity, temperature sensitivity, and target cell specificity. These are

achieved by selecting the appropriate lipid composition and surface modification of the liposomes,

expanding the application of liposomes for drug delivery.

Liposomal delivery of anti-cancer drugs has been shown to greatly extend their systemic

circulation time, reduce toxicity by lowering plasma free drug concentration, and facilitate prefer-

ential localization of drugs in solid tumors based on increased endothelial permeability and reduced

lymphatic drainage or enhanced permeability and retention (EPR) effect.39 Clearance of drugs in a

liposomal formulation is mediated by phagocytic cells of the reticuloendothelial system (RES),

primarily located in the liver and spleen. Drugs can be loaded during liposome preparation through

methods such as passive entrapment. Alternatively, they can also be loaded after liposome prep-

aration through a process called remote loading, utilizing the ion gradient across the membrane as

in the case of doxorubicin.31 Compared to free drugs, liposomal drugs are not subjected to rapid

renal clearance. Instead, they are cleared by RES, exhibiting prolonged systemic circulation time.40

RES clearance of liposomes can be reduced by surface coating with polyethyleneglycol (PEG).

Passive targeting effect has also been shown in liposomal drug delivery to solid tumors where

liposomes preferentially localize in these tumor tissues as a result of the EPR effect.41

Liposomes can be targeted to specific cell populations via incorporation of a desired targeting

moiety such as a chemical conjugated ligand, antibody, or antibody fragment directed against the

surface molecules. Targeted delivery of these liposomes can greatly improve their selectivity of

cancer cells and facilitate their cellular uptake and intracellular drug release. Examples of such
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targeted liposomes are folate-conjugated liposomes targeting to acute myelogenous leukemia,

CD19-targeted immunoliposomes for non-Hodgkin’s lymphoma (NHL) therapy,42 and

anti-HER2 immunoliposomal doxorubicin targeting to HER2-overexpressing breast cancer

cells.43 A variety of techniques have been described to incorporate targeting moieties to

liposomes. First, ligands such as folate can be conjugated to a lipid component such as

poly(ethylene glycol)-conjugated distearoyl phosphatidylethanolamine (PEG-DSPE) and PEG-

Chol. This amphophilic lipid component can be constructed into the lipid bilayer during the

formation of membrane leaving the ligand on the surface of the particles.38,59 In the second

method, a functionalized lipid anchor is included first to the outside of the liposomes after the

formation of the bilayer membrane. Therefore, the exposed crosslinker can react with activated

targeting moieties such as thiolated proteins (antibody, scFv, transferrin, etc.).42,43 A useful thiola-

tion reagent is 2-iminothiolane that is also known as Traut’s reagent. There are two types of

immunoliposomes based on the antibody coupling strategy. Type one involves direct attachment

of the antibodies to the lipids, and type two involves linking the antibodies to the terminal ends of

reactive PEG derivates. Most of these coupling techniques lead to a random antibody orientation at

the liposome surface. A significant contribution to the development of the type two immunolipo-

some, recently adopted for formulation of HER2-targeted immunoliposomes, is an antibody

coupling method called post-insertion method.43 This method involves formation of micelles of

lipid-derivatized antibodies first, followed by transferring the antibody-coupled PEG-lipid micelles

to the preformed liposomes, converting the conventional liposomes to immunoliposome through a

simple one-step incubation method. Maleimide-terminated PEG–DSPE is a coupling lipid that has

been validated to successfully convert commercially available liposomal doxorubicin (Doxil/

Caelyx) to targeted sterically stabilized liposomal doxorubicin. The last post-insertion method

seems highly promising for future clinical development.
33.5 FORMULATION STRATEGIES FOR FR-TARGETED LIPOSOMES

FR-targeted liposomes can be prepared by including a small fraction (e.g., 0.1 mole%) of a lipo-

philic folate derivative into the lipid composition.38 Both folate-PEG (M.W. 3350)-distearoyl

phosphatidylethanolamine (folate-PEG–DSPE)38 and folate-PEG-cholesterol (folate-PEG-chol)

have been synthesized and shown to be effective in targeting liposomes to the FR. The synthesis

of folate-PEG–DSPE and folate-PEG-Chol can be realized through two stages. First, an intermedi-

ate folate-PEG-amine is synthesized by reacting NHS-activated folate and reacted with PEG-bis

amine and further purifized using a Sepharose column. This folate-PEG-NH2 is then ready to react

with N-succinyl-DSPE to form folate-PEG–DSPE38 or with cholestreryl chloroformate to form

folate-PEG-chol.59 Another synthetic method has also been described by Gabizon that is to couple

FA to readily attainable H2N-PEG–DSPE with the mediation of carbodiimide.44 These two syn-

thesized lipophilic folate-derivatives have both been shown to be good components to be

incorporated to liosomes. Compared to the synthesis of folate-PEG–DSPE, the synthesis of

folate-PEG-chol is relatively simple and is less costly. With regard to stability, cholesterol also

provides better chemical stability, and it is also known to be able to increase the structural integrity

of lipid membranes through tight packing. The molecule of cholesterol is neutrally charged,

different from the negatively charged DSPE molecule, and can possibly provide better targeting

effect when used as a lipophilic anchor to incorporate the folate molecule. For these reasons, this lab

has been routinely using folate-PEG-chol for the formulation of FR-targeted liposomes.

Preparation of folate receptor (FR) targeted liposomes is relatively straightforward since the

targeting lipid component can simply be included into the lipid composition during the formation of

liposomes. A small percentage (0.1–0.5%, molar ratio) of folate-PEG–DSPE or folate-PEG-chol in

the lipid can yield targeting effect to FR. Relatively long linker between folate and the lipid anchor

(e.g., PEG3350) was found to be necessary for FR binding of the liposomes.37 FR targeting was

compatible with incorporation of 3 mole% of PEG–DSPE that is required for prolonging the in vivo
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circulation time of the liposomes. Lab scale production of these targeted liposomes can be

performed by thin-layer hydration followed by polycarbonate membrane extrusion. For scaling

up, alternative methods such as liquid phase emulsification, high pressure homogenization, and

tangential flow filtration can be used. Recently, this lab has successfully validated a processing

method combining homogenization, ultrafiltation, and remote loading for FR-targeted liposomal

doxorubicin at clinical relevant scale quantity. Using this method, three consecutive batches of

liposomes with mean particle size around 100 nm curve produced. Another alternative method for

folate-PEG-Chol incorporation has not yet been investigated, using post-insertion method similar to

HER2-targeted immunoliposome production by incubating micelles of folate-PEG-chol/PEG-chol

to pre-formed liposomal drugs. The latter method avoided the ligand stability concern during the

liposome production and has the potential to be used for future Current Good Manufacturing

Practices (cGMP) grade production of FR-targeted liposomes. Both hydrophilic drugs and hydro-

phobic drugs can be potentially loaded to the targeted particles through remote loading

(doxorubicin, daunorubicin, vincristine, and topetecan) or passive entrapment (paclitaxel and

ATRA); therefore, this FR-targeted liposomal drug delivery represents a valuable approach for

FR-positive cancer therapy (Figure 33.2).

FR-targeted cationic liposome formulations have also been studied for gene delivery. Several

cationic liposome formulations that incorporate a lipopholic folate derivative as a targeting entity

have been reported. FR-targeted lipoplexes constructed using a cationic lipid RPR209120 was

shown to efficiently transfer gene.45 Another study using 2% DPPE–PEG3340-folate and a cationic

dithiol-detergent (dimerized tetradecyl-ornithinly-cysteine) demonstrated efficient FR-dependent

cellular uptake and transfection. Therapeutic gene p53 was also delivered by Xu et al., using

cationic liposomes conjugated to folate, and this was shown to enhance the anti-tumor efficacy

of conventional chemotherapy.46 FR-targeted cationic liposomes can further form complex with

DNA-condensing polymer to form FR-targeted lipopolyplexes, and this was demonstrated by

Reddy et al.54 to have superior transfection activity in FRCM109 murine lung carcinoma cells as

well as in L1210A murine lymphocytic leukemia cells. Lee et al. developed FR-targeted type II

lipopolyplexes, and these FR-targeted vectors exhibited improved gene transfer activity even in the

presence of serum.47,48 Leamon et al. also investigated the use of FR-targeted liposome constructed

with lipid-PEG-pteroate for effective delivery of antisense oligonucleotides into FR-bearing cells

in vitro.61 FR-targeted liposomal drug and gene delivery has also been the subject of another review

article.35
33.6 IN VITRO DRUG DELIVERY USING FR-TARGETED LIPOSOMES

Cellular uptake of FR-targeted liposomes has been characterized using KB cells, a FR-a (C)

human oral carcinoma cell line.37 Binding of the liposomes has a relatively slow kinetics, occurring

over several hours, presumably a result of their size. The specific binding of these liposomes to KB

cells was saturable and could be blocked by excess free folate in the binding media.37 Interestingly,

the apparent affinity of the folate-conjugated liposomes to KB cells was much higher than that of

free folate.37 This is due to multivalent binding of the folate ligand on the liposomes with the FRs

on the cellular surface.37 The folate-liposomes are internalized into a low pH compartment via

receptor-mediated endocytosis, and the encapsulated drug molecules are released into the cyto-

plasm to induce cytotoxicity47 as illustrated in Figure 33.3.

Drug delivery properties of FR-targeted liposomes have been studied in vitro using liposomes

loaded with chemotherapeutic agents such as doxorubicin,38 daunorubicin,49 and cisplatin.44 Lee

et al. first reported the in vitro effect of doxorubin and showed these targeted liposomes showed

w86-fold greater cytotoxicity in KB cells compared to non-targeted control liposomes.38 The

enhancement in cytotoxicity was correlated with the increase in doxorubicin uptake and could

be blocked by excess free folate.38 Furthermore, a study by Goren et al. showed that the delivery of
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or passive entrapment. The structures of two synthetic targeting lipids (F-PEG–DSPE and F-PEG-Chol) were

also shown.
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doxorubicin via FR-targeted liposomes bypassed Pgp-dependent drug efflux in drug resistant

FR-a(C) M109 murine lung carcinoma cells in vitro and in an adoptive assay in mice.50 These

data suggest that this delivery modality might overcome drug resistance in these tumor cells.50

More recently, folate-liposomal doxorubicin was studied in FR-b(C) KG1 human AML cells and

similarly showed enhanced cytotoxicity relative to non-targeted control liposomes,19 and the effect
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was enhanced by FR-b upregulation using ATRA.19 Therefore, both FR-a and FR-b are potential

targets for folate-conjugated liposomes.

In addition to chemotherapeutics, a variety of agents have been loaded into FR-targeted

liposomes and evaluated in vitro. These include fluorescent37 probes, BNCT agents,51 photosensi-

tizers,52 antisene oligodeoxyribonucleotides against the EGF receptor,53 and plasmid DNA

carrying luciferase reporter gene.47,54 Similar formulations of FR-targeted lipid nanoparticles

containing paclitaxel have also been recently reported.55 In each of these studies, the FR-targeted

formulation was shown to be much more efficient in cellular uptake and biological activity

compared to the non-targeted control formulation.
33.7 PHARMACOKINETIC AND BIODISTRIBUTION PROPERTIES

OF FR-TARGETED LIPOSOMES

The in vivo clearance rate for folate-conjugated liposomal doxorubicin was faster than non-targeted

control liposomes in mice engrafted with FR-overexpressing M109 or human KB carcinoma or

mouse J6453 lymphoma.56 These results also suggested a possible role of FR in the differential

rates of clearance.56 Plasma clearance kinetics of FR-targeted liposomes radiolabled with 67Ga

were studied in rats. These liposomes showed enhanced plasma clearance rates and higher uptakes

in the liver and spleen compared to non-targeted control liposomes.56 This effect was even more

pronounced in rats that were placed on a folate-free diet, suggesting that FR expression in the RES

organs might be responsible for the increase in the rate of liposome clearance.56 One possible expla-

nation is that FR-targeted liposomes, by virtue of their multivalency, can interact with the FR-b that

is present at a relatively low level in the phagocytic cells.

In the biodistribution studies in murine tumor models, FR-targeted liposomes did not show

enhanced accumulation in tumors relative to non-targeted liposomes.59 This might be due to the

passive accumulation of the liposomes via the EPR effect was the predominant factor in tumor

localization of both targeted and non-targeted liposomes because endothelial extravasation was

the rate-limiting step in tumor localization. In addition, FR-mediated enhancement in uptake of

the targeted liposomes might be offset by the more rapid plasma clearance of these liposomes as

discussed above.60 Moreover, in solid tumors, FRs on tumor cell surface are not directly exposed

to the circulation and not fully accessible by circulating FR-targeted liposomes. Therefore, extra-

vasation, instead of specific binding, is the rate-limiting factor of liposome distribution in

solid tumors.
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An important observation in vivo is that macrophages also have high uptake of FR-

targeted liposomes. In a study done in an ovarian carcinoma ascites mouse model, results

showed that macrophages took up FR-targeted liposomes efficiently in the ascites fluid even in

the presence of FR positive ascetic tumor cells,57 although other reports did show increased

FR-targeted liposome uptake in FR(C) ascitic tumor cells.56 The relative uptake of folate-

liposomes by these two cell populations was likely determined by the relative FR expression

levels.56
33.8 IN VIVO THERAPEUTIC EFFICACY OF FR-TARGETED LIPOSOMES

The therapeutic efficacy of folate-liposomal doxorubicin has been evaluated in several murine

tumor models. In a KB cell xenograft model of athymic mice on a folate-free diet, folate-liposomal

doxorubicin given i.p. at 10 mg/kg!6 injections showed significantly greater tumor inhibition

compared to non-targeted liposomes.58 However, in another study using a M109R-HiFR syngraft

model in BALB/c mice on a regular folate-containing diet, folate-liposomal doxorubicin given

intravenously at 8 mg/kg!4 injections showed a similar therapeutic efficacy to non-targeted

control liposomes.3 The differences in these studies might be partly due to the different routes of

administration, animal diet, and dosages applied.3 A challenge in demonstrating a therapeutic

benefit of folate-liposomal doxorubicin is the excellent anti-tumor activity of PEGylated liposomal

doxorubicin used as a control that has optimal pharmacokinetic properties and EPR effect and are

much more effective than the free drug.3 Further studies in additional models are likely needed to

confirm possible therapeutic benefits of FR-targeted liposomal doxorubicin.

A possible mechanism for increased therapeutic efficacy for the folate-liposomal doxorubicin in

solid tumor is altered intratumoral drug distribution. These liposomes might be more efficiently

internalized by FR(C) tumor cells and/or tumor infiltrating macrophages that are FR(C).57 This, in

turn, results in an increase in drug release within the tumor. In contrast, non-targeted liposomal

doxorubicin may remain extracellular and be distributed in the interstitial space and releases drug

more slowly. This may result in a bioavailable (free) drug concentration that falls below the

minimum effective concentration (MEC) for inducing tumor cell apoptosis. Therefore, cellular

internalization and associated drug release may be a critical mechanism of liposomal drug action

in solid tumors and a rate-limiting factor in overall drug delivery pathway. The relative importance

of FR expression on tumor cells and tumor infiltrating macrophages and their role in uptake of

folate-coated liposomes warrant further investigation.

Leukemia is a better disease target as compared to solid tumors for this targeted delivery

strategy. This potentially is because malignant cells are circulating in leukemia patients and are

fully accessible by targeted liposomes. In contrast, these liposomes need to overcome several

barriers in solid tumors before reaching cancer cells. Several studies have already reported the

anti-tumor efficacy of FR-targeted liposomal anthracyclines in leukemia. In both L1210JF murine

lymphocytic leukemia ascites models and a KG-1 human acute myelogenous leukemia xenograft

model, FR-targeted liposomal doxorubicin or daunorubicin, when administered i.p,19 showed

improvement in survival of treated mice compared to non-targeted control liposomes or the free

drug in the L1210JF model.19 In both mice models, folate-liposomal doxorubicin given i.p. was

also more effective in prolonging animal survival.19 The relatively greater accessibility of

leukemia cells in ascites tumors might have contributed to the superior efficacy of the

targeted liposomes.

Interestingly, pretreatment of mice with ATRA, an agent known to upregulate FR-b expression

in KG-1 cells in vitro,19 before the injection of liposomes was also shown to enhance the

efficacy. An increase in long-term survival in these mice as a result of FR-targeted liposomal

doxorubicin was shown from 12.5% to 60%. Therefore, administrating ATRA to upregulate
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FR-b expression seems to be a potentially promising therapeutic strategy to be combined with the

FR-targeted therapy.
33.9 CONCLUSIONS AND FUTURE DIRECTIONS

Targeted drug delivery is a promising approach to selectively deliver neoplastic agents to cancer

cells and to improve the therapeutic index of chemotherapy. FR outstands among various tumor

markers because of the specificity and relatively high level of endocytosis, representing a very

attractive target for developing targeted delivery for future cancer therapy. FR-targeted liposomal

delivery is a promising strategy for treatment of FR(C) tumors and leukemias. Although a variety

of agents have been delivered to FR(C) tumor cell in vitro using these liposomes, relatively few

reports address the in vivo properties of these liposomes. However, at least some studies indicated a

therapeutic advantage of folate-liposomal doxorubicin over the non-targeted control.19,49,58

Leukemia, that has greater accessibility from the systemic circulation, may present an even

better therapeutic target for these liposomes. The concept of sensitizing AML cells with

FR-b-upregulating agents such as ATRA may bring further rationale to take FR-targeted liposomal

drug delivery to clinical trials.

Several critical factors to be considered for designing in vivo application of FR-targeted lipo-

somes for cancer therapy include FR expression level on tumor cells relative to normal cells, the

accessibility of liposomes to these receptors, the intra-tumor diffusion rate of vectors, and the

presence of endogenous folate in systemic circulation. The first obstacle of insufficient levels of

FR expression on tumor cells in patients could be possibly overcome by inducing FR expression

upregulation by co-administration of anti-estrogen or retinoid receptor ligands. To address the

second concern of accessibility, optimization of formulation parameter is necessary to reduce the

particle size, reduce the plasma protein binding, and avoid the RES and other normal tissue uptake.

For solid tumor delivery, priming the vasculature in the tumor to increase the distribution of

targeted particles is a possible approach. The concern that the presence of endogenous folate in

systemic circulation can block FR binding is not a critical one. It is believed that this should not

constitute a barrier as the endogenous form of folate has lower affinity for the FR compared to folic

acid and should not significantly impede the binding of multivalent folate-coated liposomes.

Clinical success in targeted drug delivery area has so far been limited by the lack of a suitable

cellular target and/or a high degree of difficulty in the production of clinical quantities of targeted

drug carriers. FR-targeted liposomes represent an attractive candidate for clinical development with

potential application in the treatment of AML and other FR-over expressing solid tumors. Areas of

investigation for future studies include the possible role of receptor upregulation in promoting

targeted therapy, both for FR-a and FR-b positive tumors; and the cellular population responsible

for enhancement in therapeutic response in solid tumors, i.e., relative roles of tumor infiltrating

macrophages and the tumor cells themselves.57 Because activated macrophages have increased FR-

b expression,22 it is possible that folate-conjugates can effectively target tumor infiltrating macro-

phages in non-FR expressing tumors, extending the FR-targeting strategy to receptor

negative tumors.

The area of FR targeting remains an area of great excitement, suggested by large number of

recent publications and reports from industrial development. So far, no clinical study targeting FR

for therapeutic purposes has been carried out. Given the advantages of the FR-targeting strategy,

further preclinical studies are urgently needed to define mechanisms of in vivo targeting and the

potential for clinical efficacy. FR-targeted liposomal doxorubicin represents an compelling candi-

date for clinical development with potential application in the treatment of AML. Furthermore,

future application to other tumors with high frequency of FR overexpression such as ovarian and

lung carcinomas warrants investigation.
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34.1 INTRODUCTION: THE PROBLEM AND CURRENT SOLUTIONS

A January 2006 search for the word cancer at www.clinicaltrials.gov yields a list of 4,370 federally

and privately supported clinical trials in human volunteers. Within these results, a focus on

chemotherapy reduces the number to 1,745 (w40% of all trials).1 Therefore, the discovery and

testing of chemotherapeutic agents for cancer represents a significant effort in current basic and

clinical research. In addition, as cancer is the second leading cause of death in the United States, this

research represents a more than significant investment in health and disease.

Chemotherapeutics are designed to kill cancer cells or prevent them from dividing. The major

types of cancer drugs include antimetabolites, alkylating agents, antibiotics, antimitotics,

hormones, and inorganics (e.g., cisplatin). The National Cancer Institute (NCI) Drug Dictionary

contains technical definitions and synonyms for more than 500 agents that are being used in the

treatment of patients with cancer or cancer-related conditions.1 However, the magic bullet,* inter-

preted here as “a drug that is solely specific for cancer cells,” is still not available.2,3 The drugs that

have been developed can kill cancer cells, but most of them can also kill normal cells, resulting in a

low therapeutic index (ratio of lethal dose to effective dose). This limits their dosage and, ulti-

mately, their efficacy.4 Apart from the success of cisplatin in testicular cancer and methotrexate in

choriocarcinoma, systemic chemotherapy has not yet exposed solid tumors to sufficiently high drug

concentrations for an adequate period of time to cause meaningful tumor regressions.4 Therefore,

surgery† and radiation are the mainstays for local control of tumors.‡ In modern clinical practice,

chemotherapy is mostly used as a post-surgical adjuvant to remove microscopic metastases that

have spread from the original site. Other applications include neoadjuvant therapy to downsize

local tumors before surgery or radiation and palliative care for the incurable patient.4

One solution to the low therapeutic index of these non-specific chemotherapeutic drugs is to

target the drugs to solid tumors by associating them with microscopic or submicroscopic carriers

that possess some affinity for the tumors. Microscopic particles such as microspheres accumulate in

tumor capillaries by chemoembolism, whereas submicroscopic carriers such as liposomes accumu-

late perivascularly through passive extravasation and/or active targeting to cancer cells.5–10 It is

here, in the context of drug delivery, that nanotechnology has already been explored for over 40

years as an approach for reducing toxicity and increasing the accumulation of drugs in tumors when

compared with free drug. As depicted in Figure 34.1, attention has principally focused on either

self-assembling systems such as polymeric micelles formed from amphiphilic block co-poly-

mers,11–14 phospholipid-based liposomes,15,16 and polymer surfactant polymersomes;17 or

covalent-linked structures such as polymer–drug conjugates,18–21 dendrimers,22,23 and radioactive

antibodies.24,25

The primary goal of nanotechnology for cancer therapy is to change the biodistribution of

drugs, reducing free drug toxicity and favoring tumor accumulation rather than normal tissue

accumulation or excretion. In order to start to achieve this goal, a nanoscopic formulation must

satisfy the well-known requirements of a drug delivery system: load and retain the drug in or on a

submicroscopic or nanoscopic carrier to prevent extravasation in healthy organs and tissues (e.g.,

heart and kidneys for doxorubicin)26,27 and thereby reduce toxicity compared to free drug admin-

istration;28,29 evade the body’s defenses (the stealth effect) and avoid premature uptake into the

reticuloendothelial system (RES), making the carrier available in the blood stream;30 and achieve

carrier uptake in solid tumors by the enhanced permeability and retention effect (EPR effect or
* If an organism is pictured as infected by a certain species of bacterium, researchers can hope to discover a drug with a

specific affinity for these bacteria and no affinity for the normal constituents of the body. Such a substance would then be a

magic bullet.
† About 90% of cancer patients undergo some kind of surgery, but only about 13% of cancers can be cured by surgery alone.
‡ Although safety has been improved, people are still dying of the side effects of radiation given for cancer such as Mo

Mowlan, former Northern Ireland Secretary, Aug 19th, 2005.
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passive targeting) that is based on the inherent leakiness of tumor microvessels.31,32 This accumu-

lation may possibly be aided by active targeting using antibodies.32,33

A recent review by Allen and Cullis outlines many of the problems that have been addressed

and solved for nanoscale carrier systems, and it counts the successes for 13 systems that have

gained FDA approval. If the focus is only on the anti-cancer applications, the systems, manufac-

turers, indications, and years of approval are:8

1. The anti-CD20 radioactive antibodies for non-Hodgkin’s lymphoma (NHL), 90Y-ibritu-

momab tiuxetan (Zevalin by Biogen IDEC in 2002)34 and 131I-tositumomab (Bexxar by

Corixa and GlaxoSmithKline in 2003).

2. An anti-CD33-linked calicheamicin (Mylotarg by Wyeth-Ayerst) for CD33C relapsed

acute myeloid leukemia (2002).

3. The three liposomal products
* PEG, P

q 2006 by
a. Stealth (PEG*-stabilized) liposomal doxorubicin (Doxil/Caelyx by ALZA and

Schering Plough) approved for Kaposi’s Sarcoma (1995), refractory ovarian cancer

(1999), and refractory breast cancer (Europe 2003 for patients with cardiac risk)

b. Liposomal daunorubicin (DaunoXome by NeXstar Pharmaceuticals and Gilead) for

advanced, HIV-associated Kaposi’s Sarcoma (1996)

c. Liposomal doxorubicin (Myocet by Elan) for metastatic breast cancer in combination

with cyclophosphamide (Europe 2000)
4. Adjuncts including PEG–granulocyte colony stimulating factor (pegfilgrastim/Neulasta

by Amgen) for reduction of febrile neutropenia associated with chemotherapy (2002)

In further depth, how are some of these nanotech-formulated drugs faring in terms of clinical

use and outcome? For the anti-CD20 antibody Zevalin, a randomized, controlled phase III trial

supported its accelerated FDA approval for NHL.35 This study included 143 subjects with relapsed

or refractory, low grade or follicular NHL, or transformed B-cell NHL. An overall response rate of

80% was obtained in subjects receiving the Zevalin therapeutic regimen (73 subjects) compared to

56% for subjects receiving Rituxan alone (70 subjects). Complete response rates (with no detect-

able cancer) were 30% for the Zevalin group and 16% for Rituxan alone. The side effects of Zevalin
oly(ethylene glycol).
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include thrombocytopenia and neutropenia. This bone marrow suppression, sometimes persistent in

nature, has led to severe hemorrhaging and infection in a small number of patients.35,36 Since its

approval in 2002, further studies have supported the efficacy of Zevalin for NHL with response

rates greater than 80%; however, the mean time to progression for these patients has still been

limited to only 9–12 months.25,37–39

With over 40 years of research dedicated to liposomes alone and over 20,000 papers in the

literature, the question can be asked: has liposomal drug delivery been successful? The first

liposomal carrier, AmBisome (liposomal amphotericin B), was developed for severe fungal infec-

tions40 with a potential market of approximately 100,000 cases per year in the United States.

AmBisome was originally approved in Europe in 1990 (Gilead and NeXstar Pharmaceuticals),

and it was cleared for use in the United States in 1997 (Gilead and Astellas). It is now available in

more than 44 countries worldwide.41 This formulation then is one of the first successes in thera-

peutic nanotechnology. Clinical trials are now underway to examine the expanded use of

AmBisome for prophylaxis against systemic fungal infection following bone marrow trans-

plantation and other anti-cancer treatments. However, as discussed by Becker et al., although the

efficacy of high-dose AmBisome is equal to or better than free amphotericin B, failure rates still

give cause for concern.42 One explanation for this might be the limited immediate bioavailability of

amphotericin B when it is liposome-encapsulated. This is a good example of a common problem

facing all nanotech drug delivery systems; that is, the challenge of reducing toxicity of free drug is

solved, but the flip side is compromised bioavailability.

As for liposomes against cancer, the FDA has approved two anthracycline formulations,

Daunoxome (liposomal daunorubicin) and Doxil (PEGylated liposomal doxorubicin). These

drugs were originally tested and approved for Kaposi’s Sarcoma, an AIDS-related malignancy

with an incidence of only 0.02%–0.05% in the U.S.43 Doxil has also recently been indicated for

refractory ovarian cancer that accounts for up to 70% of the 25,500 annual cases of ovarian cancer

in the U.S.44 Response rates of 12%–20% have been reported for Doxil in this patient group,

proving it to be one of the most effective salvage therapies for ovarian cancer patients, especially

for those that have developed platinum resistance.45,46 However, complete responses are rare, and

chronic recurrence leads to an average survival time of only 12–24 months after therapy.44,47 One

of Doxil’s successes is that it is associated with lower incidences of cardiotoxicity, bone marrow

suppression, and nausea than free doxorubicin, but it can cause other side effects, including hand-

foot syndrome and stomatitis.28,48,49 Aside from the formulations currently approved, are new

liposomes in development or are there new indications for previously approved liposomes? A

search for cancer, chemotherapy, and liposome at www.clinicaltrials.gov produced 25 currently

recruiting trials, mainly testing liposomal doxorubicin in combination with other free drugs for a

variety of cancers as listed in Table 34.1.50

Liposomes were discovered in 196551 and explored almost immediately in applications for

drug delivery, principally for cancer.52 They now represent the most advanced nanoscale drug

delivery system in clinical use. Apart from radioactive antibodies,* other nanoscale molecules and

particles such as polymer–drug conjugates and polymer–drug micelles are being developed but

have not yet progressed to clinical trials. However, even the liposomal nanotechnology effort

accounts for only 25/4370 or 0.6% of all cancer-related clinical trials. This review of the literature

and current clinical trials is illuminating and shows that there is a huge opportunity for nano-

technology in the form of nanomedicines to impact cancer therapy. If successful (and failed)

designs, tests, and trials are collectively built upon, existing nanotech systems may be integrated

with new nanotech ideas may be integrated to achieve more optimal outcomes for the delivery of

non-specific drugs—that is, a reduced toxicity compared to free drug and an enhanced accumu-

lation and bioavailability within the tumor. It is here that the thermal sensitive liposome (LTSL)
* A search for monoclonal, antibody, and cancer found 297 trials, but only one phase I, using radio-labeled antibodies.
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TABLE 34.1
Cancers Under Investigation for Therapy with Liposomal

Doxorubicin

Breast cancer

Cervical cancer

Endometrial cancer

Male breast cancer

Ovarian epithelial cancer

Ovarian germ cell tumor

Fallopian tube cancer

Peritoneal cavity cancer

Prostate cancer

Non-small cell lung cancer

Small cell lung cancer

Adult hepatocellular carcinoma

Cutaneous T-cell lymphoma

Adult NHL

Mycosis fungoides/sezary syndrome

Adult Hodgkin’s lymphoma

Lymphocyte depleted

Mixed cellularity

Nodular sclerosing

Adult large cell lymphoma

Anaplastic

Recurrent diffuse

Recurrent immunoblastic

Multiple myeloma
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offers a new paradigm for local drug delivery and could provide the motivation and experience for

other nanotechnologies that not only encapsulate drugs but also release them, making them

bioavailable at the tumor site.

This chapter will compare and contrast a number of contemporary liposome formulations

(e.g., Doxil, Myocet, DaunoXome, and the currently trialed Onco-TCS). In particular, it will

discuss the rationale and events that have led to the phase I/II testing of the doxorubicin-

containing, temperature-sensitive liposome (ThermoDox) in prostate, breast, and liver cancer.

This a particular example of how old and new concepts, especially ones that are bio-inspired,

may be combined to face the challenges of cancer nanotherapeutics. The new capsular design

addresses an unmet need in liposomal drug delivery, that of getting the drug out of the

nanocarrier and thereby improving bioavailability.53 This temperature sensitive liposome formu-

lation containing lysolipid in the membrane (designated in the literature as LTSL) has been

specifically designed to rapidly release drugs in combination with mild hyperthermic tempera-

tures. In preclinical trials, the LTSL successfully delivers doxorubicin to solid tumors in

bioavailable quantities that cannot be achieved by free drug administration or passive liposome

accumulation, even with stealth liposomes. As depicted in Figure 34.2, this formulation is

establishing a new paradigm for localized drug delivery to tumor tissue—one that moves

nanotechnology for cancer therapy from the requirements of drug retention and carrier extra-

vasation to the accomplishment of drug release in the blood stream of the tumor, thereby

making the drug bioavailable. This gives the drug access to endothelial cells as well as

neoplastic cells, offering the potential for anti-vascular as well as anti-cancer drug therapies.54
q 2006 by Taylor & Francis Group, LLC



FIGURE 34.2 (a) A new paradigm for drug delivery, i.e., drug is released from circulating temperature-

triggered liposomes in the blood stream of the tumor; drug gains access to tumor endothelia as well as to the

neoplasm. (b and c) Video micrograph images of tumor vasculature before (b) and 24 h after (c) treatment with

temperature-sensitive liposomes containing doxorubicin (Dox–LTSL) with an almost complete elimination of

functioning blood vessels. (From Kong, G., et al., Cancer Res., 60 (24), 6950–6957, 2000; Chen, Q., et al., Mol.

Cancer Ther., 3 (10), 1311–1317, 2004. With permission.)
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34.2 THE CHALLENGES FACING NANOTHERAPEUTIC INTERVENTION:

A BRIEF REVIEW OF LIPID-BASED NANOCARRIERS

34.2.1 GETTING THE DRUG IN

Small molecules are on the order of a few nanometers. A liposomal carrier by definition must be

larger than the drug it is carrying. Furthermore, a larger liposome can encapsulate a much greater

volume, resulting in a higher drug to lipid ratio (for water-soluble drugs).* This is important

because an overload of carrier material can impair liver metabolism and phagocytosis (RES

uptake) and can cause granulomatous inflammation of the liver. In fact, large doses of empty

liposomes were used in the past to block the RES and promote longer liposome-circulation half-

lives.55,56 Figure 34.3 shows that although only two molecules thick (w5 nm), the lipid bilayer†

becomes a significant fraction of the total liposome volume at diameters of 200 nm and smaller. For

reasons to be later discussed, liposomes are traditionally w100 nm in diameter. At this size, the

membrane already takes up 30% of the total liposome volume. Because of mechanical restrictions

imposed by membrane thickness and bending stiffness of the lipid bilayer itself (limited curvature),

the smallest possible liposome has a diameter of w30 nm, exhibiting a hydrophobic volume

fraction of w80% and a limited capacity to carry water soluble drugs

Therefore, for these nanoscale carriers, how much drug could be loaded in a 100 nm capsule?

The number of molecules of hydrophilic drug per liposome (Nd) depends on the solubility (Sd) of

the drug as well as the internal radius (Ri) of the liposome

Nd Z
4

3
pR3

i SdA0

Note that Avogadro’s number is included in the calculation. For cisplatin with a solubility of

5.8 mM at 258C, a 100 nm liposome is capable of encapsulating only 1,340 molecules of this

drug. By comparison, the 100 nm liposome is composed of about w140,000 molecules of lipid,

giving a drug to lipid ratio of only 0.005 (w/w).

The drug doxorubicin, on the other hand, is amphiphilic with a protonatable amine (pKA 8.4);57

therefore, depending on the pH, a fraction of the drug is soluble in the bilayer. This fraction can

transit the bilayer if an electrochemical gradient is imposed, facilitating the active loading method
* This chapter does not consider hydrophobic drugs.
† The hydrophobic bilayer thickness is w4 nm.
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that has revolutionized liposomal drug loading technology for weak acids (Figure 34.4).58,59 This

method results in extensive loading of up to 61,000 molecules of doxorubicin per liposome (drug to

lipid ratio of 0.3) with the formation of a complex of drug crystals inside the liposome. In consid-

ering new nanoscale drug delivery systems, these kinds of simple calculations are necessary to

determine carrying capacity and drug dosage. As previously mentioned and will be later discussed,

nanoscopic carriers are readily identified by the immune system as foreign and can become toxic to

the RES in high doses. There is, therefore, a delicate balance between efficacy and toxicity, not just

for the drug but also for the nanoscopic carrier.
Citrate H+

1
H+

H+

H+

Dox-H+

Dox-H+ /Citrate fiber
Bundle complex

Dox-H+

Dox-H+

Dox-H+

Doxo

Doxo

Doxo

Doxo

Citrate

2

Inner surface

outer surface

FIGURE 34.4 Remote loading of doxorubicin into liposomes using a pH gradient. Doxorubicin, an amphi-

philic drug, crosses the lipid bilayer in neutral form. When it encounters the acidic interior of the liposome, an

amine is protonated to form Dox-HC. This compound is retained on the interior, forming fiber bundles by

electrostatic interaction with citrate ions.
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34.2.2 GETTING THE NANOCAPSULES TO THE TUMOR

The next issue to address for any nanocarrier is the probability that it will reach the tumor micro-

vessels after injection into the blood stream. Considerations here include circulation through the

tumor and pharmacokinetics of the carrier. A large fraction of the human cardiac output circulates

through the kidneys and liver, an this explains the rapid clearance of particles by these organs. It is

estimated that only a small fraction of the cardiac output actually goes to the peripheral circulation

(and to many tumors).60 Within this blood, what concentration of liposomal drug is actually

present? Liposome extrusion methods are limited to a lipid concentration of 100 mM, above

which the high viscosity of the lipid suspension limits processing. Assuming a clinical injection

volume of 20 mLs, the lipids would be diluted 250 times (in 5 L blood) to a plasma concentration of

0.4 mM lipid. If drugs such as doxorubicin can be loaded into liposomes at internal drug concen-

trations of 300 mM, then the actual plasma drug concentration (still encapsulated) is now only

0.216 mM. This is about 200 times the amount required for a log kill of cells in culture (w1 mM

Dox). However, this assumes complete mixing and no clearance (see below). As the complexities

of drug transport become apparent, it is clear that delivery (and not just reduction of toxicity) is the

major goal of nanotherapeutics.

Given these limits on actual blood levels available for delivery, how does the nanoparticle

accumulate in the tumor? Where does it actually collect within the tumor, and does it stay there?

Either the carrier must lodge in the microvascular bed of the tumor as in chemoembolism strategies,

or it must leak out of the tumor vasculature (by the EPR effect) as in most nanoparticle strategies.

The vascular permeability of a drug (across the endothelial lining) is limited by the size and charge

of the drug as well as the structures of the vessel wall, particularly the basement membrane.61 For

small therapeutic drugs such as doxorubicin, permeabilities through normal vasculature are on the

order of 10K4 cm/s. Similarly, sulforhodamine has been measured to have a permeability of 3.4!

10K5 cm/s.62 As the size of a nanoparticle increases beyond 6 nm, its ability to extravasate through

the endothelial lining drops precipitously.63 For example, the microvascular permeability of

albumin (radius of gyration 7 nm) in normal tissues is 25!10K8 cm/s, and that for 150,000 MW

dextran (radius of gyration 11 nm) is 7.3!10K8 cm/s.62,64–66 Therefore, these polymers and

proteins are well retained in the blood. For 100 nm liposomes, the normal vascular permeability

is also limited at 9!10K8 cm/s.65 Therefore, liposomes are over 1,000 times less permeable across

normal vessels than free doxorubicin. It is this physical barrier that is actually responsible for the

reduction in toxicity, dramatically altered biodistribution, and somewhat extended circulation half-

life of liposome-encapsulated drug compared to free drug. For example, conventional liposomal

daunorubicin (Daunoxome) is retained in the blood with a circulation half-life of 4 h compared to

0.8 h for free daunorubicin.67 As the size of the nanoparticle is increased, motivated by the need to

create a large encapsulated volume, the liposome gains the unique ability to keep the drug in the

bloodstream and away from healthy organs and tissues such as the heart and kidneys. This was one

of the major successes of liposomes, a clear demonstration that nanotechnology could impact the

therapeutic toxicity of non-specific drugs like doxorubicin.28,48,49 In fact, improved toxicity profiles

have been the primary reason for approval of conventional liposome formulations like Daunoxome

(FDA 1996) and Myocet (EU Commission 2000).

But how does this aid in the delivery of drugs to tumors? Fortunately, as already intimated,

tumors have leaky blood vessels that are more permeable than normal blood vessels. For example, the

tumor microvascular permeability for 150 kDa dextran is 5.7!10K7 cm/s, eight times higher than in

normal tissue,64 and for albumin, tumor vessel permeability is 25 times higher (1!10K7 cm/s).66 It

has been shown that this permeability extends to nanoparticles such as colloidal carbon68 and lipo-

somes up to 400 nm in diameter.69 Therefore, one favored mechanism of targeting tumors has been to

take advantage of the natural leakiness of tumor blood vessels to certain nanoparticles such as

drug–polymer complexes and liposomes.9,70,71 These drug delivery systems achieve localization

simply by passive accumulation. Dosimetry results for the conventional liposome Daunoxome show
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that approximately 2.84 ng/mg (5 mM) of daunorubicin accumulates in the tumor in the first 24 h

after an injected dose of 2 mg/kg body weight.68 This concentration of drug is actually fairly

successful at killing tumor cells in culture (IC50 2.8 mg/ml).72 So why does this formulation

show limited success in the clinic? The problem is probably not just inadequate liposome

accumulation but also the inability to make the drug bioavailable in a fast enough time period, as

will be discussed later.

Returning to a discussion of dosimetry, an important challenge was to determine what limits

liposome accumulation in the tumor and how this uptake may be increased. It was soon discovered

that the reason for limited tumor uptake is simply the limited circulation half-life of conventional

liposomes (2–4 h).73 These liposomes are labeled by complement and other opsonins as foreign and

are subsequently removed by the phagocytic RES of the liver and spleen.74,75 Incidentally, particles

larger than 0.6 mm are cleared by the spleen regardless of opsonization.76 This is another major

lesson for any nanotechnology-based drug carrier system—that the surface chemistry of particles

(especially nanoparticles) is crucial in the foreign-body reaction. Essentially, the early researchers

and companies (The Liposome Company/Elan and Nexstar), intending to target cancer, unwittingly

created an artificial parasite. Some formulations, however, have cleverly taken advantage of this

natural localization to the Kupffer cells of the liver for treatment of the parasite Leishmania that

resides in these same cells.77–79 By creating a highly immunogenic (opsonizable) liposome

containing negatively charged lipids, these formulations were rapidly removed from circulation

by the RES. A similar liver-targeting technique was put into clinical practice when Ambisome was

approved for use against leishmaniasis.80,81

The solution to the clearance problem was to favorably modify the liposome surface chemistry.

Inspired by the very long (120 day) half-life of the red blood cell, Allen and Papahadjopoulos75

explored the idea of incorporating GM1, a red blood cell membrane glycolipid, into the liposomal

membranes (10 mol%). This conferred longevity to the liposomes, increasing plasma half life to

w24 h. However, GM1 is an expensive molecule to purify from whole blood. Therefore, they82 and

others83–86 turned to the chemical synthesis and development of polyethylene glycol derivatized lipid

(e.g., DSPE–PEG*) that similarly increased circulation time. This conjugated lipid had a single

negative charge because the derivatization left the normal zwitterionic PE charged at the phosphate.

Although the incorporation of the negatively charged PS was highly immunogenic, their original

hypothesis was that when incorporated into the bilayer at a few mol%, this shielded negative charge

(similar to that of GM1) was the source of resistance to opsonization (Lasic, D., Personal Communi-

cation. Liposome Technology, Inc., Menlo Park, CA, 1992). Subsequently, evidence has been

accumulated that indicates that the mechanism is primarily one of steric stability because the electro-

static potential lies somewhat underneath the steric barrier profile provided by PEG as demonstrated by

McIntosh et al.87,88 The mechanism for the long circulation lifetime conferred by incorporating GM1 is

still unknown, although Huang postulated a dysopsonization for this ninja liposome.89,90

Preclinical animal studies demonstrated the dramatic changes in circulation half-life, tumor

accumulation, and anti-tumor efficacy that resulted from these somewhat bioinspired surface

chemical strategies.30,82,91–96 The longer circulation time of PEG-grafted lipids allowed for

increased extravasation from leaky tumor microvessels, successfully exhibiting the EPR paradigm

of passive targeting. The new so-called “Stealth” technology was developed by Sequus and incor-

porated into a PEGylated liposomal doxorubicin formulation, Doxil, by Johnson and Johnson.

Doxil has achieved circulation half lives of 20 h in mice82 and w50 h in humans.97 Furthermore,

at 48 h after injection, the median tumor concentration of Doxil (in Kaposi’s sarcoma lesions in

humans) was 19 times higher than in normal skin.97 In mice, about 7 ng/mg of Dox accumulated in

FaDu xenografts (human squamous cell carcinoma) after injection of 5 mg/kg Doxil

(Figure 34.24).98
* DSPE–PEG, Distearoylphosphatidylcholine grafted with polyethylene glycol.
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FIGURE 34.5 Plasma half life of conventional liposomes versus elastic modulus of the membrane (for normal

RES). Membranes with a higher elastic modulus circulate for longer times. That is, a low resistance to

mechanical expansion of the bilayer interface is correlated with liposome destruction in the blood stream.

This points to a mechanical mechanism for the presumed opsonization of liposomes. A similar trend holds

when the RES is pre-saturated with liposomes, but half-lives are on the order of hours.
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An alternative mechanism to resist opsonization that also relies on reducing protein adsorption

and binding at the bilayer head group region was to modify the membrane mechanically rather than

to chemically modify the surface. This was achieved by using a lipid composition that creates a very

tight interface among the headgroups as measured by a high area dilation modulus for the bilayer.99

This composition utilizes lipids with saturated acyl chains and incorporates high concentrations

(w50 mol%) of cholesterol in the membranes. Taking data from the literature on circulation half

lives and comparing them to the elastic area dilation modulus measured using the micropipette

technique for similar lipid compositions, a direct correlation was found between circulation half life

and bilayer elasticity as shown in Figure 34.5.87

This shows that resistance to bilayer area expansion is a key property in achieving a long

circulation performance for these nanocarriers. That is, a high resistance to mechanical expansion

of the bilayer interface is correlated with reduced opsonization in the blood stream. This points to a

nanomechanical mechanism for the presumed opsonization of liposomes where the molecular

insertion that underlies opsonization must create area expansion in the bilayer. A similar trend

holds when the RES is pre-saturated with liposomes. Here, half-lives are on the order of hours, and

clearance may be due to destruction in the blood stream. Again, low membrane compliance resists

this and is the property that correlates with long circulation performance.

A particular example is the sphingomyelin/cholesterol bilayer with a high area dilation

modulus of w2,200 mN/m99 that has been utilized in Onco-TCS, the liposomal vincristine*

formulation of Inex.100 Onco-TCS achieves a prolonged circulation half life (6.6 h) when

compared to free vincristine (1.36 h) in preclinical studies.101 Therefore, a low bilayer membrane

compliance can be used to increase circulation time. Onco-TCS also exhibits a higher concen-

tration in tumors and demonstrates less neurotoxicity and greater efficacy in mice bearing L-1210

and P-388 leukemias. This formulation has been shown to have a similar MTD when compared

with free vincristine, and it is currently in phase II/III clinical trials for aggressive recurrent

NHL.8,102–104
* First extracted from the Madagascar periwinkle.
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34.2.3 MECHANISMS OF LIPOSOMAL DRUG DELIVERY

As the study of liposomes continued, it was clear that in order to address mechanistic questions

about drug delivery such as the EPR effect and the distribution of liposomes and other nanoparticles

within the tumor, a direct in vivo measurement in real time was required. The skin flap tumor

window chamber, first used in the 1940s for observation of tumor microvasculature, offered this

capacity.105 This research team54,71,106 and others9,66 have extensively utilized the window

chamber to measure liposomal circulation half-life, accumulation in tumors, and tumor distribution

both with and without hyperthermia. For the conventional, stealth, and temperature-sensitive lipo-

somes, this technique has been invaluable in the direct observation of accumulation and/or

triggered release of encapsulated drug in the tumor tissue. The window chamber is shown in

Figure 34.6.

The procedure involves implanting tumor cells onto the exposed fascia and covering the

surgical site with a glass window. After the tumor grows, the vasculature is visible by intravital

microscopy with transmitted white light. In addition, using epifluorescence, it is possible to quan-

titatively evaluate fluorescent or fluorescently labeled molecules within the vasculature and within

the tumor tissue over time. With this model, complex drug delivery data such as pharmacokinetics,

vessel wall permeability, and intratumoral distribution have been quantified.105 Using small fluor-

escent molecules fluorescently labeled albumin,62 and fluorescently labeled liposomes,65 the

following have been shown:

1. Small molecules such as sulforhodamine (606 Da) and proteins such as albumin

(66,430 Da) are readily extravasated into tumor tissue, supporting the established per-

meability of tumor vasculature.62

2. Conventional liposomes also extravasate but the extent of accumulation in the perivas-

cular space is severely limited by fast RES uptake and disappearance from circulation

(Figure 34.7, middle panels and right graph).65

3. Stealth liposomes have an extended circulation half-life and accumulate to a greater

extent as shown in the epifluorescent images of the tumor vasculature in Figure 34.7

(left panel and left graph).65 This supports the early efficacy studies by Vaage and
FIGURE 34.6 (See color insert following page 522.) Schematic of rat with a window chamber surgically

attached to the dorsal skin flap (left). The skin flap is a 200 mm thick section of dermis with implanted tumor

cells. As these cells grow, the tumor is visible via trans-illumination (right) or epi-illumination. This model was

used to quantify complex data such as tumor vascular permeability and liposome accumulation. (From Huang,

Q., et al., Nat. Biotechnol., 17, 1033–1035, 1999. With permission.)
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FIGURE 34.7 Video micrographs showing the window chamber vasculature via trans-illumination (top row)

and epi-illumination (second and third rows) after injection of stealth liposomes in tumor (left column),

conventional liposomes in tumor (middle), or stealth liposomes in normal tissue (right). The second row

shows 1 min after injection, and the third row shows 90 min after injection. The graphs show the relative

amounts of liposomes in the blood stream and in the tumor versus time (stealth on left and conventional on

right) as calculated from the fluorescent images. (From Wu, N. Z., et al., Cancer Res., 53 (16), 3765–3770,

1993. With permission.)
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Metcalfe that showed that stealth, but not conventional, liposomes produced tumor

efficacy in mouse tumor models.93–96

What this data99,107,108 clearly shows is that the stealth liposomes out-perform the

conventional liposomes with respect to circulation half-life and accumulation in

the heterogeneously leaky tumor (left and center panels). Furthermore, as shown in the

right panel, normal blood vessels (in the same window chamber) maintain a seal against

liposome extravasation. The small 100 nm diameter of the liposome and the incorporation

of PEG-lipid (4–5 mol%) work to preferentially increase the amount of encapsulated
006 by Taylor & Francis Group, LLC



FIGURE 34.8 Schematic showing the traditional paradigm for liposomal (and polymer) drug delivery. In this

paradigm, extended circulation time takes advantage of leaky tumor vasculature to preferentially deliver

carriers to the tumor tissue.
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drug being delivered to the tumor while normal tissue is protected. This behavior

establishes the current paradigm of the EPR effect for liposomes (and other macro-

molecules and nanoparticles) as depicted in Figure 34.8; that is, the basis for

preferential drug delivery is this disparity in vascular permeability to even relatively

large 100 nm particles, resulting in a fraction of the injected dose gaining access to the

perivascular space of the tumor tissue.

4. The vascular pore cut-off size for liposome extravasation in the human ovarian carcinoma

SKOV3 was found to be between 7 and 100 nm diameter at 378C;71 other studies have

shown a cut-off size of up to 400 nm in the human colon adenocarcinoma LS174T.70

5. Mild local hyperthermia (HT) of 428C could dramatically increase the permeability of

tumor vessels to stealth (non-thermal sensitive) liposomes up to 400 nm in diameter with

the most dramatic effect seen at 100 nm.71 In one experiment, the amount of liposome

extravasation was increased by 50-fold with HT compared to normothermic controls for

the relatively impermeable SKOV3 tumor.109

6. In spontaneous tumors in pet cats, HT dramatically increased the accumulation of non-

thermal sensitive technetium-99-labeled liposomes in the tumor tissue by 2–16-fold,

further supporting the utility of HT in spontaneous tumors.106

These results demonstrate the important benefits of mild hyperthermia for liposome distribution

in the EPR paradigm (even with non-thermal sensitive liposomes). However, they also point to a

number of flaws in relying on the EPR effect alone to deliver nanoparticles and their drug. It is

apparent that not all tumors are permeable to nanoparticles on the scale of 100 nm. In addition,

throughout the window chamber studies, researchers have observed that liposomes and other

nanoparticles only accumulate in the perivascular space after extravasation.9,71,109 Even

antibody-targeted liposomes show only limited interstitial diffusion.

As for the visualization of liposome distribution, Figure 34.9 shows magnified videomicro-

graph images of the microvasculature of a mammary adenocarcinoma model in a skin flap window

chamber.65,110 On the left, a trans-illuminated image shows blood vessels of approximately 30 mm

in diameter. The smallest (arrow) is about 10 mm, allowing only slow passage of red cells in single

file. On the right is an epi-illuminated image of fluorescent liposome distribution 90 min after

injection of NBD-labeled liposomes. This characteristic hot spot pattern illustrates the gross hetero-

geneity of tumor vascular permeability and the limited transport of fluorescently labeled liposomes

into the packed cellular bed of the tumor tissue. This image very dramatically demonstrates that
q 2006 by Taylor & Francis Group, LLC



FIGURE 34.9 (a) Videomicrograph bright-field image of the microvasculature of a mammary adenocarci-

noma in a skin flap window chamber. (b) Videomicrograph epifluorescent image of the same window chamber,

showing a hot spot pattern of stealth liposomes 90 min after tail vein injection. The focal deposits of liposomes

are limited to the perivascular space. (From Chen, Q., et al., Mol. Cancer Ther., 3 (10), 1311–1317, 2004.

With permission.)
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liposomes only accumulate in the perivascular space of the tumor and do not diffuse to cells deep

within the tumor. In fact, the hot spots are close enough to the circulation that a portion of the

liposomes can actually wash back into the vessels.111 The important conclusion here is that the

liposome-encapsulated drug does not reach the majority of the tumor cells based on the EPR effect

alone. This is also expected for other nanoparticles that aim to deliver drugs to tumors; they will not

reach beyond the perivascular space unless some additional chemical or external influence

is exerted.

Whereas distribution of nanoscopic particles only to the perivascular space is clearly a limi-

tation, a bigger question is if the drug is actually bioavailable when delivered to even these regions.

How does the drug get to its target once the carrier has accumulated in the tumor? How do the

properties of the carrier and the local tumor environment contribute to this process? This chapter

previously described how the currently approved liposomal nanotechnologies achieve a significant

decrease in drug toxicity and a modest accumulation of drug in the tumor. However, the design

requirement of retaining drug in the carrier during circulation results in most of the drug remaining

inside the carrier if and when it localizes in the tumor tissue. It is expected that the drug will

passively leak across the membrane, but it seems that it is often not bioavailable in high concen-

trations on the time scale necessary for therapeutic action. In particular, non-cell cycle specific

drugs like doxorubicin should ideally be available to the intracellular targets (including DNA and

RNA) as a sharp peak of concentration, maximizing drug effect in a short time period to prevent cell

recovery and resistance. This inherent slow release may actually be an advantage for drugs that

have cell cycle specificity such as the vincristine formulation Onco-TCS.104 In this scenario, the

slow release and long circulation half life of the sphingomyelin/cholesterol liposomes make free

vincristine available to as many cancer cells as possible as they progress through the cell cycle to

the G2/M stage.

Overall, the controlled release of the drug from carriers at the tumor site is a problem that all

polymer, liposomal, micro-particle, and capsular nanotechnologies still face.8 For polymer–drug

conjugates, it has been fairly straightforward to convert the covalent linkers into biodegradable

linkers (cleaved by endogenous enzyme action or by simple bond hydrolysis). Preclinical studies

using this method have demonstrated drug release specifically at the tumor with a resulting increase

in anti-tumor efficacy.112,113 However, for liposomes, as mentioned above, the main focus of

modern carrier design has been to lessen leakage from the liposomes in the circulation phase

rather than to trigger release at the tumor site.
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34.3 NEW CAPSULAR DESIGN FOR DELIVERY OF DRUGS TO AND RELEASE

OF DRUGS IN LOCALIZED SOLID TUMORS

This section will briefly review the events leading up to the invention of the temperature sensitive

liposome (LTSL), a potential solution to this paradox of drug retention in circulation and rapid

release at the tumor site. It will also discuss studies on the composition, structure, and property

relationships of membranes. It was this wealth of fundamental lipid bilayer knowledge that allowed

a liposome to be forward engineered to perform a number of functions: survive the physical and

chemical conditions of the blood stream, accumulate in the tumor, and respond to stimuli (in this

case, mild hyperthermia) to trigger the release of encapsulated drug. The key to the design and its

functional performance, as in all nanotechnologies for drug delivery, is to understand the materials

relationships of the carrier.
34.3.1 GETTING THE DRUG OUT

After 35 years of research, the long-circulating liposomes (e.g., Doxil) have fulfilled the require-

ments of loading and retention of drug, evasion of the body’s defenses, and accumulation in tumors

by EPR. However, it is widely recognized that liposome performance is often hampered by the very

lipid compositions that create low bilayer permeability and allow retention of the encapsulated drug

during the blood-borne transport phase. The remaining goal of releasing a drug such as doxorubicin

fast enough to kill tumor cells was not part of the original conventional (Myocet, Daunoxome) or

stealth (Doxil) designs. One solution that now comprises the main topic for the rest of this chapter

has been to take a materials engineering approach to liposome design and to explore nanoscale

material defects in these 100 nm carriers. The task undertaken for this particular system was to

characterize the relationships between lipid composition (lipids and lysolipids), bilayer nanostruc-

ture (grain boundary defects), and membrane properties (mechanical, thermal, and permeability) in

order to design a liposome that releases drug rapidly upon an externally applied trigger, in this case,

mild heat of around 428C.114,115

The functions (load, retain, target, and release) have been defined, and there is an established

wealth of materials data, prototype tests, production methods, and performance studies for lipo-

somes in the literature. Using these guidelines, the goal is to trigger release of the liposomes after

extravasation by EPR. Based on size alone, liposomes greater than 600 nm are taken up by the

spleen, and those less than 70 nm are taken up by hepatocytes.76,116 In addition, 400 nm is the

cut-off for tumor extravasation.70 Therefore, the optimal liposome size for EPR-based drug delivery

is about 100 nm. In addition, 100 nm liposomes have demonstrated the greatest increase in tumor

uptake when combined with hyperthermia.109 As for surface design, conventional formulations

only provide a relatively short circulation half life (2–4 h)73, but PEGylated lipids with their surface

repulsive potentials87 tend to avoid RES uptake. Therefore, the starting point was the 100 nm

stealth formulation, shown schematically in Figure 34.10.

Given this liposome, researchers must remember that many physical limitations still hamper

effective drug delivery. As discussed above, only a small fraction of the circulation passes through

the tumor. Some tumors have low permeability, preventing uptake of even 100 nm nanoparticles.71

Upon extravasation, liposomes accumulate only in the perivascular space, and the liposomes that do

accumulate achieve only slow release of bioavailable drug. In 1995, even though liposomal formu-

lations were being tested and approved, the current technology was not achieving the kind of

bioavailable drug levels necessary for increased efficacy. Through collaboration with the

hyperthermia program at Duke Medical Center, this team found that local hyperthermia may be

used to address many of these problems. Before discussing the materials aspects of the liposome

that promote triggered release, the effects of hyperthermia on liposomal drug delivery must

be considered.
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FIGURE 34.10 A tentative liposome design was a 100 nm diameter stealth liposome composed of a DPPC

bilayer with 4–5 mol% PEG–DSPE (only shown on the outside) and encapsulating the drug doxorubicin via

remote loading.
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The mechanisms of synergy between hyperthermia (HT) and liposomal chemotherapy are

manifold (Figure 34.11). HT improves vascular perfusion, thereby increasing blood flow through

tumors that usually have significant areas of poor perfusion. Furthermore, HT dramatically

enhances transvascular permeability, increasing pore size between endothelial cells to enhance

liposome extravasation. Tumor microvessels are particularly sensitive to the effects of HT,

providing added selectivity that protects the normal tissues.117,118 These changes last for several

hours following HT treatment and have been exploited to augment liposomal drug delivery to

tumors up to 50-fold in otherwise impermeable tumor vessels as described above.109 In addition,

hyperthermia provides direct cytotoxicity to tumor cells and synergism with many drugs, including

doxorubicin and cisplatin.117,119 A number of liposomal drugs have been tested in a variety of
Increased
local drugh

concentration

Direct
cytotoxic
effects

Increased
extravasation

Triggered
drug release

Synergistic
effects with

DOX

Thermosensitive
liposomes

Hyperthermia
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therapeutic effect

FIGURE 34.11 Schematic showing the mechanisms of synergism between hyperthermia and liposomal drug

delivery. HT alone has some direct cytotoxic effects as well as synergism with many chemotherapeutic agents.

In addition, HT enhances liposome extravasation and local tumor perfusion. The new concept was rapid

triggered drug release from liposomes at mild hyperthermic temperatures.
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tumor models, and these reports consistently prove that HT increases liposome accumulation in

tumors and enhances anti-tumor effect.117 Finally, with new advances, the current HT technology

has the ability to administer controlled local heat to superficial or deep locations with accurate

thermal dosimetry.118 The remaining question, then, is if the performance of stealth liposomes can

be improved by releasing the drug using externally applied heat. The answer lies in tailoring the

materials composition, nanostructure, and properties of the lipid bilayer itself.

It is important to note here that the traditional target for chemotherapeutic drug delivery has

always been distant metastases; very few primary tumors have been treated, much less cured, with

chemotherapy alone. Therefore, these studies deviated from the traditional target for liposomes, took

a bold and possibly unconventional track, and focused on local tumors. Whereas metastases are

clearly the most important problem, an inability to control the local growth of solid tumors leads to

significant morbidity and mortality in cancer patients. In the U.S., over 60% of therapies eventually

fail with local recurrence.120 Furthermore, improved locoregional control has been shown to enhance

survival in many common cancers, including breast, prostate, lung, and cervical cancer.121,122 What

is needed here is a parenteral drug delivery system that can dramatically reduce the tumor size, to

debulk for subsequent surgery or radiation, or maybe even achieve complete regression.

What this team set out to do was to design, create, and test a liposome that would respond to

clinically attainable mild hyperthermia temperatures in the range of 418C–428C. The design

required an intravenously injected liposome that released its drug only upon entering the heated

tumor mass. The great surprise, in the very first series of preclinical tumor growth delay studies,

was a response of 11 out of 11 complete regressions.123 In addition, measurements of drug accumu-

lation in the tumor tissue showed concentrations three times higher than with the combination of

Doxil-like liposomes and HT98 in spite of similar plasma half lives.*

34.3.2 A NEW LIPOSOME DESIGN

The lysolipid-containing temperature-sensitive liposome (LTSL) was invented in 1996, offering an

effective way to achieve targeted tumor drug release for cancer chemotherapy.98,114 This formu-

lation is now in phase 1 human clinical trials.53 Preclinical studies in mice, rats, and dogs have

shown promising efficacy, reducing tumor growth in many of the tumors tested.50,98,123 However,

some variations in tumor response and subtleties in mechanism are still to be investigated. As will

be discussed at the end of this section, attempts to correlate tumor growth delay with measurable

parameters such as hypoxic fraction, intratumoral drug concentration, and tumor drug sensitivity

reveal a complex relationship between these parameters. The current discourse will focus on how

this liposome achieves the performance requirement of rapid triggered release of doxorubicin at

clinically attainable, mild hyperthermic temperatures.

As demonstrated w35 years ago by de Kruijff124 and Papahadjopoulos125 and subsequently

modeled by Mouritsen,126 the permeability of a lipid bilayer membrane to small ions, water, and

even small drug molecules is dramatically increased at its gel-to-liquid melting phase transition

when compared to its gel state. At the melting phase transition temperature (Tm), gel and liquid

domains coexist, and solid phase lipids form grain structures to be described below. At the grain

boundaries, leaky interfacial regions are present.126–129 The increased permeability may be attrib-

uted to these interfacial regions as well as the much higher lateral compressibility of the membrane

in the phase transition region.130,131 For HT-triggered drug release in the body, a lipid was needed

that remained solid and impermeable at body temperature (378C) but became leaky to its encapsu-

lated drug when heated just above this temperature. The lipid of choice was relatively obvious,

DPPC† has a phase transition temperature of 41.98C132 and so has been used in many studies that

aimed to explore temperature-sensitive drug delivery.117,133
* The LTSL, if anything, showed a shorter half-life.
† DPPC, Dipalmitoylphosphatidylcholine.
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Thermal sensitive liposomes (TSLs) were not new in 1996. Previous formulations composed of

DPPC mixed with other lipids like DSPC*,133 DPPG†,134 or HSPC‡:Cholesterol,135 all required a

temperature of 438C–458C to reach the peak in membrane permeability. The two- (or more)

component phase diagrams show the origin of this transition temperature elevation, an ideal

thermodynamics of mixing (entropic) that broadens the transition and raises it compared to the

pure DPPC bilayer.136–138 As a result, these formulations were not well matched to the clinical

setting as hyperthermia temperatures greater than 438C are not clinically attainable and may cause

discomfort and vascular damage to the patient.118 Also, even at the transition temperature, the rates

of drug release for these lipid mixtures were still relatively slow (15–60 min). This is much longer

than the transit time of a liposome through the tumor circulation, so these early TSLs relied on the

EPR effect to position the liposomes in the tumor before releasing the drug. Unfortunately, the

stealth technology had not yet been invented when these TSLs were being tested, and they did not

accumulate in the tumor enough to be efficacious. Paradoxically, the stealth liposomes achieved

accumulation but did not release their drug. Because many development agendas for conventional

and stealth liposomes were already in place, TSLs received less attention for many years. With a

renewed interest in thermally triggered systems and with the benefit of hindsight, this team began

the LTSL design in 1996 by combining old and new technologies (thermal sensitivity and stealth

PEG). In addition, experience from many years of studying, measuring, and modeling the material

properties of lipid bilayers using micropipette manipulation techniques was applied.

The micropipette manipulation system has been developed and used by researchers to measure

the mechanical properties of lipid bilayer vesicles,99,107,108 permeability of lipid membranes,139–141

molecular exchange with lysolipids,142 and other mechanical and thermomechanical proper-

ties143,144 in order to characterize bimolecular membranes as previously reviewed.145–147 The

micromechanical experiments on lipid vesicles established several key findings that influenced

the new design.

1. Experiments that measured the resistance of lipid vesicle bilayers to area expansion and

so derived the bilayer elastic expansion modulus showed that liquid state (La) lipids such

as egg PCs plus cholesterol provided sufficient strength to retain drug and remain intact

in the blood stream.

2. The more saturated PCs§ and sphingomyelin plus cholesterol exhibited enormous elastic

moduli approaching traditional plastics99 and were even more impermeable to water139

and especially drugs.

3. The inclusion of cholesterol (to achieve strength and impermeability) abolished the

melting phase transition and so attenuated any possible thermal sensitivity for DPPC

(e.g., DPPC:Cholesterol in a molar ratio of 1:1).135

4. Even non-cholesterol-containing PC bilayers had moderate strength as gel phase

membranes that were essentially thin (5 nm) layers of wax.107

Therefore, a liposome using gel phase lipids was designed. The design was built around DPPC

with its Tm of 41.98C plus a PEG¶-conjugated lipid (DSPE–PEG). The inclusion of DSPE–PEG did

not change the transition permeability compared to pure DPPC.148 Ideally, a liposome with a

slightly lower Tm and higher membrane permeability than that of pure DPPC is desired. The

additional component that achieved these goals will be discussed later in this section. First, the
* DSPC, Distearoylphosphatidylcholine.
† DPPG, Dipalmitoylphosphatidylglycerol.
‡ HSPC, Hydrogenated Soy Phosphatidylcholine.
§ Phosphatidylcholines.
¶ Poly(ethylene glycol)
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structural features that apparently made the liposomes leak their drug, i.e., the grains and grain

boundaries, must be discussed.
34.3.3 NANOSTRUCTURES AND MEMBRANE PERMEABILITY

In 1987, working with giant lipid vesicles (20–30 mm diameter), this team showed that a single lipid

vesicle could be heated or cooled through its main phase transition at the tip of a micropipette.107,143

This allowed the transition to be characterized in terms of the bilayer area change reflecting a

w25% change in cumulative area per molecule (from 65A2 in the liquid phase to w41A2 in the Pb
0

solid phase). Under no applied membrane tension, the solid vesicle was crumpled and faceted,

whereas under controlled low tension (suction), it formed flat plate-like domains. Upon melting,

these lipid 2D icebergs flowed past the pipet tip as they moved in a sea of melting lipid. In the gel

(solid) state, it was shown that the rippled nanosuperstructure that characterized the Pb
0 phase could

be pulled flat.143 Then, subjecting the vesicle to shear deformation, a yield shear and shear viscosity

for the membrane were measured. The values for these material properties were on the order of

simple waxes and plastics just below their melting temperatures. The membrane behaved like a

Bingham plastic, yielding after an elastic shear deformation and then flowing with a velocity that

was proportional to the excess stress (provided by the micropipette suction pressure) above the

yield point. Both the yield shear and shear viscosity increased with decreasing temperature below

the lipid melting temperature, showing that the more solid a membrane, the more difficult it was to

deform in shear. It has been established that, for crystalline materials in general, the yield shear and

shear viscosity reflect density and mobility of crystal defects in the solid structure. In 1987, this

team postulated that grain boundaries and/or intra-grain dislocations allowed the shear deformation

for the 2-molecule thick wax membrane.

It was expected that because crystalline solids nucleate in liquids upon cooling, the solid lipid

membrane should form as grains (analogous to panels in a soccer ball; see Figure 34.12) that meet

at grain boundaries (stitches in the soccer ball). This grain-faceted nanostructure was observed in

subsequent electron micrograph images of the 100 nm diameter liposome formulation containing
100 nm 

Waxy lipid membrane
2 molecules (4 nm)  thick

100 nm in diameter
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54
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(liquid
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FIGURE 34.12 Schematic showing the soccer ball-like structure of the waxy liposome (center). The electron

micrograph images show solid-phase liposomes, 100 nm in diameter, that are loaded with doxorubicin. The

nanoscale grains and grain boundaries are evident from the faceted appearance. The phoshpholipid bilayer is 2

molecules thick (w4 nm), and there is a difference in molecular area and thickness between solid and liquid

phase lipids (left). (From Ipsen, J. H. and O. G. Mouritsen, Biochim. Biophys. Acta, 944 (2), 121–134, 1988.)
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FIGURE 34.13 Solid lipid monolayers on gas microbubbles also show grain structure as revealed by freeze

fracture electron microscopy (a and b, 5 mm and 1 mm scale). (c) Fluorescence micrograph images show that

Bodipy lipids included in the lipid formulation at w1 mol% are excluded from the solid grains and forced

to accumulate at the grain boundaries. (From von Dreele, P. H., Biochemistry, 17 (19), 3939–3943, 1978.

With permission.)
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doxorubicin (Figure 34.12).149 It was confirmed that this grain structure was evident at the nanos-

cale (100 nm) and for the 2-molecule thick membrane. Also shown in Figure 34.12 is a schematic of

the solid/liquid interface, illustrating the mismatch in lipid molecular area and thickness between

solid and liquid states. It is this nanoscale defect that provides the anomalous membrane per-

meability that has been observed and modeled in the transition region125,126,150 and that is the

underlying key to the LTSL drug release mechanism.

Additional evidence for the grain structure came from micromechanical and ultrastructural

studies of solid lipid monolayers at microgas bubble interfaces (using similar saturated PC

lipids). This work aimed to create and characterize lipid-stabilized gas-filled ultrasound contrast

agents.151 It was observed that the yield shear and shear viscosity were consistent with a poly-

crystalline monolayer, and both freeze fracture electron microscopy and fluorescence microscopy

showed the grain structure in these micro-lipid shells (Figure 34.13).

With the grain structure now characterized, the goal of enhancing the permeability at the phase

transition (compared to pure DPPC and other lipid mixtures) was now the priority. A series of

micropipette experiments measured and modeled the exchange of molecules that entered the

bilayer interface (tannic acid)152 or incorporated into or even crossed the bilayer (peptides153

and lysolipids)142,154 and could then be washed out with bathing media. By measuring the area

change of a single vesicle and by knowing the areas per molecule of the SOPC* bilayer lipid (65A2)

and the MOPC† lysolipid (50A2), the mol fraction of lysolipid entering the bilayer from the aqueous

solution was measured, down to a fraction of a mol%, was measured. Importantly, the desorption of

lysolipid upon wash-out with lysolipid-free media was also measured, finding that it leaves the

outer monolayer rapidly (within seconds)142. This team then discussed the possibility that the

membrane permeability to small drugs might be increased if a certain amount of water-soluble

lysolipids were incorporated in the solid bilayer and then desorbed from the membrane upon

heating through the transition. The lysolipid MPPC‡ is structurally and chemically compatible

with the bilayer lipid DPPC§, but it is quite soluble in water, especially as micelles. It was expected

that MPPC would leave the bilayer (or form defects) at the Tm, making the membrane leaky to

encapsulated drug.

Therefore, this team arrived at the new tentative liposome design: a 100 nm liposome

comprised of a DPPC bilayer (underlying phase transition at 41.98C) with 4 mol% of

DSPE–PEG (for extended circulation half life) and 10 mol% of the lysolipid MPPC (to enhance

the permeability), containing doxorubicin loaded by remote pH loading. The key to the design was
* SOPC, Stearolyoleoylphosphatidylcholine.
† MOPC, Monooleoylphosphatidylcholine.
‡ MPPC, Monopalmitoylphosphatidylcholine.
§ DPPC, Dipalmitoylphosphatidylcholine.
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to work with the recognized anomalous permeability at the Tm (an apparent grain boundary effect in

the melting solid membranes) and to enhance it with a second component (lysolipid). Ultimately, if

this change in composition could change the membrane property of permeability (when heated), the

drug would be freely available, and the performance of the temperature-sensitive liposome in vivo

could be enhanced.

This lysolipid-based design was tested in 100 nm liposomes, and it characterized their ability to

become permeable to small molecules, ions, and the drug doxorubicin. By incorporating 10 mol%

of MPPC or MSPC* into the gel phase bilayers of DPPC liposomes, the permeability rate to

carboxyfluorescein (CF)148 and dithionite115 as well as the rate of release of encapsulated drugs

like doxorubicin115,123,155 was greatly enhanced over that of the pure DPPC bilayer at its phase

transition. For a liposome formulation composed of DPPC:MPPC:DSPE–PEG-2000† (molar ratio,

90:10:4), 60% of the entrapped content of CF was released in 1 min at 408C, whereas pure DPPC

liposomes released less than 20% CF even in 5 min at 408C. Using the dithionite permeability

assay,156,157 several lipid systems were compared, providing some very interesting results. In this

assay, the addition of dithionite quenches the fluorescence and produces a decay in the absorbance

spectrum of NBD lipids‡ that are incorporated in the lipid bilayers at low (1 mol%) concentration

(Figure 34.14).156 In these experiments, the interaction between dithionite and the NBD-lipid head

groups was recorded as a decay in absorbance at 465 nm in order to avoid attenuation of fluor-

escence because of repeated exposure to exciting wavelengths. If the bilayer is permeable, the

absorbance shift will take place on both sides of the bilayer. Otherwise, if the bilayer is imperme-

able (e.g., in its gel state), only the outer monolayer is affected. The change in relative absorbance of

the outside monolayer upon addition of dithionite matched its relative lipid distribution (i.e., 54%

outside versus 46% remaining inside), reflecting the high 50 nm radius of curvature of the lipo-

some.115 As expected, the permeability for pure DPPC was somewhat enhanced at 40, 42, and 438C

in the region of its phase transition compared to lower temperatures of 30 and 378C in the gel phase

region (Figure 34.14). With the inclusion of 10 mol% lysolipid in the bilayers, the absorbance shift

occurred much faster than for pure DPPC alone, showing that the permeability at the phase

transition was dramatically enhanced.115

Figure 34.15 compares dithionite permeability for several lipid compositions, represented as

permeability rates (per second). The permeability for DPPC at its Tm (41.98C) was enhanced

compared to its gel state, but it was surprisingly only slightly higher than that of a liquid phase

lipid (POPC§) at 41.98C.115 At temperatures above 41.98C, both DPPC and POPC exhibited per-

meability rates greater that that of DPPC at its phase transition. In contrast, dramatic increases in the

phase transition permeability rate were observed when 10 mol% MPPC or MSPC were incorpor-

ated in the DPPC liposome membranes. The incorporation of these acyl chain-compatible

lysolipids only shifted the bilayer phase transition temperature slightly from 41.98C for DPPC

alone to 41.08C with MPPC and 41.48C with MSPC.115 Therefore, the incorporation of 10 mol%

lysolipid had achieved the goals of enhancing the transition permeability and slightly lowering the

transition temperature. In line with the expected influence of the acyl chain, the slightly longer

MSPC lipid reduced the Tm less than the MPPC. Differential scanning calorimetry (DSC) studies

showed that the transition region was still very sharp (i.e., not broadened as with the previous

additions of DSPC and Cholesterol).148

A comparison of the DSC data with the permeability rate data confirms that the grain

boundaries are responsible for the drug release. As shown in Figure 34.16, the permeability rate

rises on the low temperature shoulder of the excess heat flow curve, i.e., before any significant mass
* MSPC, Monostearoylphosphatidylcholine.
† DSPE–PEG, Distearoylphosphoethanolamine–Polyethyleneglycol 2000.
‡ Lipids conjugated with the fluorescent molecule NBD, N-(7-nitro-2,1,3-benzoxadiazol).
§ Palmitoyloleoylphosphatidylcholine.
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FIGURE 34.14 The dithionite assay for membrane permeability. (a) Dithionite quenches the fluorescence or,

in this case, shifts the absorbance for NBD lipids incorporated in the bilayer. The outer monolayer is immedi-

ately changed, but the inner monolayer is only affected when the membrane becomes permeable to this ion,

i.e., in the phase transition region. Both compositions show only outer monolayer shifts at temperatures in their

gel state. Pure DPPC (b) shows the anomalous permeability associated with the transition, but for

DPPC:MSPC, (c) the change in absorbance occurs much faster. (From Evans, E. and Needham, D., J. Phys.

Chem., 91 (16), 4219–4228, 1987. With permission.)
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of solid phase lipid material has melted. Also, the maximum permeability rate coincides with the

midpoint of the transition where it is expected that the grain boundary area is also at its

maximum.126

As for the specific mechanism for this dramatic enhancement of temperature-triggered per-

meability by including 10 mol% lysolipid, it was initially hypothesized that desorption of the water-

soluble lysolipid would leave defects in the membrane. However, Mills et al. recently showed that

membrane permeability to dithionite in the transition region was still enhanced following dialysis

against lysolipid-free buffer (with one exchange of buffer) at temperatures above Tm for 48 h

(Figure 34.17).115 Under these conditions, with a massive concentration gradient between lipo-

somes and dialysate, there was a strong driving force for lysolipid desorption. This study

demonstrated that, contrary to the original hypothesis, lysolipids did not completely desorb from
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FIGURE 34.15 Dithionite ion permeability rates for pure and lysolipid-containing TSL membranes in vitro.

At the phase transition temperature, permeability rates are w10-fold higher for the lysolipid-containing TSLs

(LTSLs) when compared to the pure DPPC bilayer. (From Mills, J. K. and Needham, D., Biochim. Biophys.

Acta, 1716 (2), 77–96, 2005. With permission.)
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FIGURE 34.16 Comparison between the DSC thermal profile and the dithionite permeability rate for LTSL

(DPPC:MSPC). This comparison shows that the onset of increased permeability (dashed line) occurs at the low

temperature shoulder of the excess heat curve (solid line). That is, the content release occurs before a large

fraction of the lipid has melted. (From Mills, J. K. and Needham, D., Biochim. Biophys. Acta, 1716 (2), 77–96,

2005. With permission.)
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the membrane upon heating to and through the transition; rather, they largely stayed in the

membrane, apparently forming lysolipid-stabilized defects in the bilayer.115 Because lysolipids

(MPPC and MSPC) have a conical molecular shape as a result of a single acyl chain, they prefer

the micellized state (Figure 34.17b). Therefore, it seems reasonable that they would accumulate at
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FIGURE 34.17 (a) Dithionite ion permeability as a function of temperature for freshly prepared LTSLs and

for LTSLs that have been dialysed for 48 h at 458C–488C (liquid state). (b) The maintenance of enhanced

(although slightly reduced) permeability after dialysis shows that some lysolipid must remain in the

membrane. Pure DPPC is shown for comparison. (c) Lysolipids normally exist in aqueous solution as micelles

(left), but they appear to remain present in liposomes at the grain boundaries, possibly stabilizing pores (right).

(From Mills, J. K. and Needham, D., Biochim. Biophys. Acta, 1716 (2), 77–96, 2005. With permission.)
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melting grain boundaries, forming semispherical porous edges (Figure 34.17c). The resulting

lysolipid-stabilized pores would form only upon heating to the phase transition region, facilitating

rapid temperature-sensitive release of contents. Previous micropipet studies by Zhelev and

Needham on giant lipid vesicles support this hypothesis, suggesting that lysolipid can stabilize

membrane nanopores large enough to pass glucose, but not sucrose, and that this pore formation

does not compromise mechanical stability.158 Therefore, the incorporation of lysolipids (MPPC or

MSPC) is essential for drug release enhancement for temperature sensitive liposomes.

For the LTSL formulation, doxorubicin (Dox) was readily loaded into preformed gel phase

liposomes by remote pH gradient methods (as described in Mayer, Bally, and Cullis and Madden, et

al. but used now at 358C).115,159,160 The liposomes were then heated, and Dox release was measured

as a function of time and temperature. The same triggered permeability and enhanced release

effects were seen for Dox as with carboxyfluorescein and dithionite. For liposome compositions

of DPPC:MPPC:DSPE–PEG-2000 (90:10:4) and DPPC:MSPC:DSPE–PEG2000 (90:10:4),

w100% and w90%, respectively, of the encapsulated Dox was released within 2 min (at 40 and

41.38C, respectively).115 This team’s most recent work has improved the experimental conditions in

order to more closely observe drug release in the first few minutes.160,161 With the incorporation of

8 mol% MPPC in the lipid bilayers, 100% of the drug is released in 5 min whereas with 12 mol%

MPPC, it takes less than 20 s (Figure 34.18).

The all-important temperature dependence for Dox release was also characterized using

10 mol% lysolipid as shown in Figure 34.19. At 30, 37, and 398C, very little drug was released.

At 408C, there was a moderate level of release and at 41.38C, 100% of the drug was released in 4 min.

If this 4 min time point is used to plot the amount released versus temperature (Figure 34.20),148 then

the optimal temperature range for triggered release is 398C–428C—a temperature window that is

attainable using regional hyperthermia, even for deep-seated tumors such as ovarian and prostate

tumors.118 This figure also verifies that, as expected, the stealth liposomes do not release drug in a

temperature-triggered fashion. Finally, when the Dox release curve is compared to the DSC curve for

the same liposomes (Figure 34.21), it can be seen that drug release occurs on the low temperature

shoulder of the phase transition, before a significant mass of lipid is melted. As with the dithionite

data shown earlier, this suggests a grain boundary mechanism for the drug permeability.

Importantly, this in vitro data shows that the release time for the lysolipid-containing tempera-

ture sensitive liposome (LTSL) is likely to be faster than the transit time of the liposome through the

tumor circulation. Moreover, release can be triggered at temperatures in the mild clinical
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hyperthermia range. These advantages make the LTSL a much more feasible system for tumor drug

release than any previous liposome. With this in vitro success, this team was very interested to see

what effects the LTSL would have on tumor drug accumulation and tumor growth delay in vivo.
34.3.4 IN VIVO GROWTH DELAY STUDIES

The efficacy of the Dox–LTSL* was first evaluated in a human squamous cell carcinoma (FaDu)

model, showing unprecedented local control for this tumor (in two studies, respectively, showing 11

out of 11 and 6 out of 9 complete regressions, Figure 34.23).98,123 The FaDu xenografts were grown

in the flanks of nude athymic mice. All animals received an equivalent single dose of 5 mg/kg i.v.

doxorubicin (maximally tolerated dose) and one hour of local hyperthermia at 428C. In addition to

Dox–LTSLCHT, a number of control treatments were tested for comparison. As shown in

Figure 34.22, with saline control, the FaDu tumors took an average of 10 days to reach the end

point of 5 times initial tumor volume, representing a fairly fast growing tumor.98 Administration of

free Dox showed an average growth time of 12 days, delaying the growth by w2 days. Mild

hyperthermia (HT) alone, in the absence of any drug, exhibited a growth time of 18 days. When

free Dox was combined with HT, the growth time was extended by another 4 days to an average of

22 days.98 Therefore, these experiments demonstrate the anti-tumor activity of mild hyperthermia

alone as well as its ability to enhance drug efficacy (as depicted schematically in Figure 34.11).

In the same FaDu studies, doxorubicin was encapsulated in Doxil-like, non-temperature sensi-

tive liposomes (NTSL) as well as in the lysolipid-containing temperature sensitive liposomes

(LTSL). Figure 34.23a shows the extended growth time of the NTSL in combination with mild

HT (35 days) with all tumors decreasing rapidly in size but eventually growing back.123,† Compared
* Dox–LTSL, doxorubicin-encapsulating lysolipid-containing temperature sensitive liposome.
† The liposome formulations alone, without heat, did not perform much better than the free drug controls, showing that

reduced accumulation and well-entrapped drug is hardly that efficacious.
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to NTSL without heat (21 days, not shown), this again proves the synergism of HT and liposomal

drug delivery through increased perfusion and extravasation as demonstrated in previous

studies.106,109,117,162 The tumor regrowth pattern with NTSL indicates that drug was certainly

delivered, but some cells were able to survive the treatment, perhaps as a result of the relatively

slow leakage of bioavailable drug. The most dramatic result was observed for the LTSL in com-

bination with HT with complete regressions in all 11 animals for up to 60 days (Figure 34.23b).123,*

The importance of rapid drug release was quite apparent. The focus on composition, structure, and

properties for the liposome design and the testing of in vitro performance of the LTSL translated

into a significant improvement in tumor response in vivo.

Following the success of these anti-tumor efficacy studies, additional FaDu experiments quan-

tified drug delivery to the tumor and to the actual intracellular molecular target. Total drug

deposition, tissue distribution, and fraction bound to DNA/RNA were determined for free Dox

and three different liposome formulations (Doxil-like NTSL†, LTSL, and a more traditional TSL

with a slightly higher melting point).98 To do this, two extraction procedures were carried out on

tumors harvested just one hour after injection. Extraction with chloroform and silver nitrate ident-

ified all drug in the tumor tissue. Extraction of the tumor tissue with chloroform only identified drug

that was free, protein-bound, or still trapped inside the liposomes. The difference represented the

drug that was bound to the polynucleic acids. Dox concentration was measured using high per-

formance liquid chromatography (HPLC). The result was that only the LTSL formulation showed

any doxorubicin bound to DNA and RNA (w50% of the total amount in the tumor, as shown in

Figure 34.24). The total tumor drug delivery using LTSL plus HT was 25 ng doxorubicin per mg

tissue (w50 mM). The other liposomes showed 7–8 ng/mg at 428C and w5 ng/mg at 348C.98 Growth

time directly correlated with the amount of drug deposited. Tumor tissue sections were also visual-

ized for doxorubicin fluorescence to determine the local distribution of the drug in the tumor and

confirm the relative drug concentrations.98 The fluorescence intensity was relatively low at 348C
* The second study again showed superior results with six out of nine complete regressions (one tumor disease free at

40 days) and only two tumors did not respond.
† NTSL, non-temperature sensitive liposomes.
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after free drug or any liposomal treatment group. At 428C, the LTSL showed extensive fluorescence

(3.09 arbitrary fluorescence units) with the TTSL 3 times less (1.4) and the Doxil-like NTSL 10 times

less (0.31). These fluorescence images show both unencapsulated and encapsulated drug. For the

LTSL, the Dox distribution was pervasive throughout these tumor sections (Figure 34.24, right).

Overall, the LTSL formulation demonstrated increased drug accumulation and triggered drug

bioavailability, leading to complete tumor regressions after a single dose.
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FIGURE 34.22 Tumor growth curves (relative tumor volumes) for flank-implanted FaDu xenografts in nude

mice. The treatment groups were (a) control at normothermia (348C); (b) free doxorubicin at 348C (maximally

tolerated dose of 5 mg/kg); (c) 1 h of hyperthermia at 428C; and d) injection of free drug with 1 h HT at 428C.

The endpoint was time to 5 times initial tumor volume or 60 days. Average growth times are shown for each

group. Overall, hyperthermia shows independent anti-tumor activity and enhancement of drug activity. (From

Kong, G., et al., Cancer Res., 60 (24), 6950–6957, 2000. With permission.)
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FIGURE 34.25 A new paradigm for local therapy (compare Figure 34.8). Thermal sensitive liposomes release

drug RAPIDLY (!20 s) when heated to 428C, resulting in drug release in the blood stream. Therefore, LTSL

drug delivery does not require liposome extravasation to deliver free drug to the tumor cell. (From Kong, G.,

et al., Cancer Res., 60 (24), 6950–6957, 2000. With permission.)

Nanoscale Drug Delivery Vehicles for Solid Tumors 705
Because all three liposomes were 100 nm in size and coated with PEG, they would be expected to

extravasate to the same extent. However, both the total tumor HPLC results and the histologic

sections showed additional accumulation of drug (encapsulated plus free) in the tumor with the

LTSL. This suggested that the greater delivery achieved by LTSL may be due to release of the drug in

the blood stream of the heated tumor as schematically depicted in Figure 34.25. The Dox concen-

tration for even the stealth NTSL (w15 mM) greatly exceeded the 1.8 mM IC50 (media concentration

required to kill 50% of cells in culture) of free Dox measured in the multi-drug resistant human

cervical carcinoma line KB-85.163 However, the limited NTSL efficacy in these studies together with

the scarcity of complete responses to Doxil in the clinic, suggest that the EPR effect alone has some

major limitations in drug delivery. As previously mentioned, the in vitro drug release time for LTSL

is shorter than the transit time of a liposome through tumor microvasculature; therefore, additional

local delivery through intravascular release would result in free drug diffusion into the tumor tissue.

Furthermore, endothelial cells lining the tumor microvasculature would also be exposed to free

doxorubicin. This pointed to a new mechanism for drug delivery, one that does not completely

rely on the EPR paradigm of liposome extravasation. The possibility of anti-vascular as well as

anti-neoplastic drug action can now be considered as another aspect of this remarkable paradigm shift.
34.4 A NEW PARADIGM FOR DRUG DELIVERY TO TUMOR TISSUES

34.4.1 VASCULAR SHUTDOWN

A series of preclinical studies in window chamber and flank tumors have established that the

mechanism of Dox–LTSL action is actually one of vascular shut down. This is due to the unique

ability of LTSL to intravascularly release Dox as it passes through the blood vessels of the mildly

heated tumor (Figure 34.25). Utilizing the window chamber for in situ red blood cell velocity

measurements, Yuan et al. demonstrated that treatment with LTSL plus HT (1 h at 428C) results in

significantly reduced blood flow immediately after treatment and complete vascular shutdown

within 24 h in all FaDu tumors (Figure 34.26).54 Before treatment, blood flow velocity was

w0.4 mm/s, and at only 6 h after treatment, blood velocity had slowed to w0.002 mm/s.

Minimal changes in tumor blood flow were seen in all controls, including free drug and empty

LTSL both with and without HT.

As shown in Figure 34.27, direct observation of the blood vessels in the tumors before and after

treatment showed a startling result—not only had blood flow dramatically slowed, but many of the

tumor microvessels had also disappeared. Within 24 h of LTSL plus the 1 h HT treatment, micro-

vessel density in the tumor was reduced from 3.9 mm/mm2 to 0.9 mm/mm2, whereas the control
q 2006 by Taylor & Francis Group, LLC
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FIGURE 34.26 Red blood cell (RBC) velocity in FaDu tumor microvessels after injection of DiI-labeled

fluorescent RBCs. (a) For Dox–LTSL plus HT, blood flow was significantly reduced after therapy and was

essentially zero 24 h later. All controls (empty LTSLGHT, free DoxGHT) showed little effect on blood flow

velocity. b) For normal vasculature, Dox–LTSLCHT had a much smaller effect. (From Chen, Q, et al., Mol.

Cancer Ther., With permission.)
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treatments again showed little change (Figure 34.27c).54 Moreover, these effects were only

observed in tumor microvessels; heated normal microvessels were spared. Therefore, this rep-

resents a unique method of functional targeting of therapeutic agents. Measurements of VEGF

and bFGF expression also showed a 50%–60% reduction in growth factor concentrations in treated

tumors.54 Overall, this study provided very strong evidence for the paradigm shift from EPR to

intravascular release, leading to anti-vascular effects. The EPR effect alone (i.e., extravasation out

of the blood stream) could not achieve this kind of vascular shut down. The unique ability of the

lysolipid-containing bilayer to rapidly transition from a solid wax-like membrane into an extremely

permeable melting state has made possible this rapid intravascular release of drug triggered by the

application of only mild hyperthermia. This opens up the possibility for drug delivery patterns that

target both tumor cells and tumor vasculature.
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after (b) the LTSL plus 1 h HT treatment. After the treatment, almost all blood vessels disappeared with

indications of thrombus formation. (c) A plot of tumor microvessel density versus time after the treatment

comparing LTSLCHT to the same controls as in Figure 34.26. These results point to an anti-vascular

mechanism found only in tumor vessels. Therefore, the Dox–LTSLCHT therapy appears to be anti-vascular

as well as anti-neoplastic. (From Chen, Q., et al., Mol. Cancer Ther., 3 (10), 1311–1317, 2004. With permission.)
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34.4.2 EXPLORING OTHER TUMOR MODELS

Dox–LTSL plus mild HT was tested in a number of other tumor models. As with most anti-cancer

therapies, it was found that different tumors responded to LTSL in different ways. Five tumor lines

were treated with saline, HT alone, LTSL alone, or LTSL plus HT.164 Each group received

equivalent dosing of 6 mg/kg i.v. Dox and/or 1 h HT at 428C. The mouse mammary carcinoma

4T07 was implanted in normal BalbC mice, and four human tumor xenograft lines were implanted

in nude athymic mice: SKOV-3 (ovarian carcinoma), HCT116 (colon carcinoma), FaDu (head and

neck carcinoma), and PC-3 (prostate carcinoma).164

All control tumors grew rapidly, reaching 5x tumor volume (5xV) in 10–15 days. HT alone had

minimal efficacy in delaying tumor growth, as did LTSL alone without heat. The Dox–LTSL plus

HT groups showed superior tumor growth delay times in all tumor types when compared to all other

treatment groups (p!0.006), but the degree of prolongation was highly variable from one tumor

line to the next (Figure 34.28). For Dox–LTSLCHT, the mean tumor growth times (to 5xV) for

each model were, in order of increasing response, 4T07 (19.8 days)!HCT116 (28.1 days)!FaDu

(41.8 days)!SKOV3 (51.9 days)!PC3(60 days).164 This trend correlated to the intrinsic growth

rates of each untreated control tumor line, i.e., 4T07 and HCT116 were the fastest growing tumors

and PC was the slowest growing tumor. The fraction of animals remaining disease-free at 60 days

post treatment was also highly variable among tumor lines. The PC3 tumor line showed the greatest

response with 15 out of 20 complete regressions. Of note, the FaDu tumor type showed fewer

complete regressions (1 out of 10) than in previous studies.98,123

Potential reasons for these variations in LTSL efficacy were explored by measuring parameters

describing the tumor microenvironment, tumor cell sensitivity, and overall drug delivery.164 For

each tumor type, these parameters were compared to the relative growth delay time and the fraction

of animals showing complete regression up to 60 days.

Measurements of pH and pO2, reflecting the interstitial microenvironment, were performed in

five mice for each tumor line. The hypothesis that pH might be important was based on the fact that

tumors produce excess acid.165 Because Dox is a weak base and is increasingly less hydrophobic

with decreasing pH, transport of this drug across cell membranes could, in principle, be inhibited by

low extracellular pH. However, all tumors had the same slightly acidic interstitial pH (6.8–7.0), so

this could not explain the variations among different tumor lines. The pO2 histograms (100–200

measurements per tumor) were obtained using the Oxylite probe as described by Braun and

colleagues.166 It has been reported that hypoxia can reduce the cyotoxicity of Dox and may

contribute to different tumor responses in vivo.167 In this team’s studies, there were significant
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differences in the levels of hypoxia among these tumor lines, ranging from 34 to 64% hypoxic

fraction. It is expected that the least hypoxic (i.e., most oxygenated) tumors would respond better to

therapy. This trend was shown in HCT116, SKOV3, and PC3, but FaDu and 4TO7 deviated from

this pattern (well oxygenated but non-responding). Therefore, the Dox–LTSL efficacy in a given

tumor line was not completely related to its degree of hypoxia.164

The amount of drug delivered to tumors is known to be an important factor in anti-tumor

efficacy. Therefore, Dox concentration was measured immediately after LTSLCHT treatment in

eight tumors from each tumor line, using previously published HPLC methods.98 Drug concen-

tration correlated very well for four out of the five tumors, but HCT116 showed the highest drug

concentration (0.045 mg/mg tumor tissue) along with the poorest response. In addition, cellular

sensitivity to Dox was determined for each tumor line using the clonogenic assay after 24 h of

exposure to LTSLCHT.164 It was found that the in vivo responses of three tumors correlated well

with in vitro sensitivity to Dox, but two of the most sensitive tumors in vitro (HCT116 and FaDu)

showed poor response. Altogether, there was not a significant relationship between efficacy and

either drug concentration or in vitro drug sensitivity.164

Overall, the four parameters (extracellular pH, hypoxic fraction, intratumoral drug concen-

trations, and in vitro drug sensitivity) that were examined did not yield a clear pattern to explain the

differences in Dox–LTSL efficacy among the tumor types. However, searching for positive corre-

lations, there were some interesting aspects. PC3 achieved the second highest drug concentration,

aligning with its high number of complete regressions. In addition, PC3 had the slowest intrinsic

(control) growth rate and was the most sensitive tumor line in vitro. On the other hand, HCT116 had

the highest drug concentration, but it yielded only one complete regression (out of 20). The 4T07

tumor yielded the most consistent explanation for its relative lack of efficacy (no regressions); it had

the highest IC10 (least sensitive), lowest drug concentration, and fastest intrinsic growth rate

among all the tumor lines studied. New results from Yuan et al. also show that the relative

amount of LTSL induced vascular damage is much greater in the FaDu line than in the 4T07

line (although 4T07 did show some vascular damage, indicating intravascular release of drug from

liposomes is still an important mechanism). Accordingly, the relative growth delay time (compared

with control) for FaDu was much higher than for 4T07 (FaDu: 41.8 days/12.1 days Z3.5 vs. 4T07:

19.8/7.5Z2.6). Therefore, multiple potential explanations for the relative resistance of 4T07 to this

combined therapy are now available.

These somewhat inconclusive results demonstrate the complexity of liposomal therapeutics for

cancer therapy, and this is expected to extend to any other nanotherapeutic agent. For the Dox–

LTSL, in particular, a new paradigm of drug delivery has now been established, leading to import-

ant questions regarding mechanisms and methods for a given tumor line and even an individual

subject. In addition to the parameters already studied, which describe tumor microenvironment,

drug concentration, and sensitivity of neoplastic cells, it is believed that individual tumor response

may more critically depend on parameters that specifically affect intravascular drug release and

vascular shutdown. It is now imperative to evaluate such parameter, including tumor perfusion,

vascular density, the heatability of vessels, the temperature profile, the location of drug release

(extravascular versus intravascular), the spatial and temporal distribution of the drug, and the

relative drug sensitivity of the tumor vascular endothelium (the new target). A comprehensive

approach is now being taken to evaluate the Dox–LTSL as this is necessary to optimize clinical

therapy. One challenge that has been faced (that, again, extends to all nanotherapeutics) is the lack

of tools for real-time evaluation of liposomal drug delivery and drug release at the scale of the

whole tumor. Though very useful, the window chamber model has been limited to 2D evaluations

and is not applicable to the clinical setting. This team sought to develop a non-invasive method

(such as MRI*) to image liposomal drug concentration distributions in vivo.
* MRI, magnetic resonance imaging.
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FIGURE 34.29 Median growth time (days to five times tumor volume) for each of five tumor types in response

to various treatments. The tumor response to Dox–LTSL was greater than all other treatments for all tumor types.

Ranking of median growth time (MGT) is the same regardless of treatment type for these tumors, reflecting

intrinsic tumor growth rates. MGTs bound by rectangles are not significantly different from each other

(Wilcoxon). (From Madden, T. D., et al., Chem. Phys. Lipids, 53 (1), 37–46, 1990. With permission.)
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34.4.3 REGIONAL DEPOSITION OF DRUGS OBSERVED USING MRI

Through the use of liposomes containing both drug (Dox) and paramagnetic contrast agents

(manganese), Viglianti et al. showed that LTSL content release and distribution within the tumor

can be monitored in vivo using T1-weighted MRI.168 Furthermore, manganese (Mn) and Dox

concentrations can be calculated using T1 relaxation times and Mn:Dox encapsulation ratios.168

This method has been validated in a rat fibrosarcoma model, indicating a concordant linear relation-

ship between T1-based [Dox] and invasive [Dox] as measured by HPLC or histologic

fluorescence.169

The potential of this type of imaging for real-time evaluation of therapeutic protocols is

currently being evaluated, with correlation of drug delivery to outcome on an individual subject

basis.170 Figure 34.29 shows representative axial MR images from the rat fibrosarcoma model

before (a) and after (b) administration of i.v. Mn/Dox–LTSL plus local HT. The flank tumor is

located in the upper left corner.169 The catheter at the center of the tumor was used to deliver local

hyperthermia (via heated water circulation).* Liposomes were injected after the tumor had reached

steady state temperatures of 408C–428C. The tumor enhancement pattern shows that this protocol

achieved release of contrast agent (and therefore drug) in the peripheral vasculature,i.e., in the

feeding vessels as soon as liposomes entered the tumor.. This therapeutic schedule also resulted in

rapid accumulation of large amounts of drug, likely due to extensive intravascular release (accor-

ding to the new paradigm discussed above). Indeed, the kinetics of drug deposition observed here

were much faster (!10 min to maximum [Dox]) than the kinetics of liposome extravasation with

HT (hours to maximum [Dox] using non-thermally sensitive liposomes).109 This is not surprising,

since LTSL releases contents within 20 s at 41.38C.160 Thus, this protocol (inject liposomes during

HT) targets the rapid drug release specifically to the feeding blood vessels of the tumor, which

could maximize the anti-vascular effects. Therefore, we hypothesize that the most effective tumor

response may be achieved with this schedule of therapy.

Current experiments are evaluating different schedules of LTSL plus HT in terms of drug

delivery (spatial and temporal tumor distribution) and tumor response (growth delay time) in the

rat fibrosarcoma model.170 These results from this kind of study will be important for future clinical
* This is unlikely to be a clinical protocol, but it is a convenient and MR-compatible method to deliver and control local

heating in animal experiments.
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trials, and preliminary indications are that it may be more beneficial to deliver Dox–LTSL in the

hyperthermia facility during steady-state heating. Being able to target not only the tumor but also

the vascular source represents a direct clinical application of this new drug delivery paradigm.

Furthermore, an imageable temperature-sensitive liposome could be applied in the clinic to monitor

content release and so facilitate the control of drug distribution and prediction of tumor response for

a given patient. This new multimodal liposome now provides an anti-neoplastic and anti-vascular

therapy that can be monitored by MRI in real time.
34.4.4 CLINICAL TRIALS AND HYPERTHERMIA DEVICES

Based on the in vitro testing and in vivo pre-clinical success described above, clinical trials are now

in progress using the Dox–LTSL formulation in combination with local hyperthermia (Ther-

moDoxe, Celsion Corp.).53 Clinical HT may be delivered to superficial or deep tumors using

microwave, radiofrequency, or ultrasound devices (Figure 34.30).118 A phase I trial is currently

evaluating Dox–LTSL in combination with radiofrequency thermal ablation (RFA) for liver cancer

(Figure 34.30a). In RFA, the center of the tumor is heated to cytotoxic temperatures greater than

808C. Whereas this treatment clearly kills the center of the tumor, it is found that tumors often recur

at the margins after RFA. This occurs because the temperature profile at the margins is only in the

mild hyperthermia range. Because the Dox–LTSL releases at 398C–428C, it is used in this scenario

primarily to increase cytotoxicity against these boundary cells. In addition, a phase I/II trial will

soon test Dox–LTSL in the setting of chest wall recurrence of breast cancer. This trial will use a
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FIGURE 34.30 (See color insert following page 522.) Example of clinical hyper hyperthermia devices.

(a) The radiofrequency ablation device is percutaneously inserted into the liver tumor under image guidance.

(b) The superficial microwave applicator may be used for cutaneous or subcutaneous tumors (from http://www.

ucsfhyperthermia.org/patientinfo/hyperucsf.htm). (c) The Prolieve transurethral microwave applicator was

developed for benign prostatic hyperplasia but may also be applied for prostate cancer. (d) The RF phased

array device for breast cancer may be integrated into a table so that the patient may be positioned prone above

the device.
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FIGURE 34.31 (See color insert following page 522.) The temperature profile for Celsion’s Prolieve

transurethral microwave applicator shows that this device can deliver 428C at the periphery of the prostate.

This enables the device to be used in combination with Dox–LTSL for prostate cancer that typically occurs in

the periphery.
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superficial microwave applicator to apply mild local HT (BSD500e; Figure 34.30b). Other

potential clinical applications include prostate cancer (using the Prolievee transurethral micro-

wave applicator, Figure 34.30c) and locally advanced breast cancer (using a radiofrequency phased

array, Figure 34.30d). The Prolievee applicator that was originally designed for benign prostatic

hyperplasia has demonstrated an ideal temperature profile for the release of LTSL in the periphery

of the prostate where cancer typically occurs (Figure 34.31). That is, temperatures required for the

release of drug from circulating liposomes can be attained even at the edges of the prostate by

heating from the urethra.
34.5 CONCLUSIONS

This chapter narrated the development of the lysolipid-containing temperature sensitive liposome

(LTSL) from bench to bedside in an attempt to highlight many of the formulation, clinical, cellular,

and in vivo barriers that must be overcome by any nanotechnologically designed cancer thera-

peutic. It has shown that this formulation met an unmet need for bioavailable drug by combining

previous liposome technologies with a detailed and fundamental knowledge of the materials

science and engineering (i.e., composition, structure, properties, and processing) of lipid vesicle

membranes. Historically, the successes of FDA-approved liposomes included reduced toxicity

compared to free drug administration and a passive tumor accumulation through the EPR effect

(especially for long-circulating Doxil). However, there were still many barriers to effective drug

action, and clinical studies have shown limited improvements in tumor response. Reasoning that

high peaks in bioavailable drug concentration were required for many drugs, this team set out to

design a liposome with rapid triggered release of contents. In the absence of reliable endogenous

triggerable chemistry (perhaps excluding phospholipases),171 of an external trigger (e.g.,

hyperthermia) was utilized with a focus was on local disease rather than global metastases.

A number of studies contributed to the rationale and design for using hyperthermia to trigger

liposome release were reviewed. In the window chamber tumor model, the synergistic interactions

between hyperthermia and liposomal drug delivery were observed, initially for non-thermal sensi-

tive liposomes. In addition, many years of fundamental lipid bilayer research revealed important

relationships among liposome composition, nanostructures (such as crystalline defects in the solid

state lipid bilayer), and properties (such as enhanced permeability to drugs at the acyl chain melting

transition). Through the incorporation of lysolipids into the lipid membrane, a dramatic increase in

permeability at the melting phase transition (418C) was achived, resulting in complete release of
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encapsulated liposomal contents within 20 seconds was reached. The release mechanism appears to

consist of lysolipid-stabilized pore structures at the interfaces between solid and liquid phase lipids

at the crystalline grain boundaries. This is supported by the preservation of liposome permeability

after dialysis and by observations of the material structure and properties of giant liposomes.

The preclinical studies that have led to clinical testing of the Dox–LTSL in phase I/II trials were

reviewed. The Dox–LTSL achieved dramatic increases in tumor drug accumulation, up to thirty

times over free Dox, in mice bearing human squamous cell carcinoma (FaDu) xenografts. This

resulted in extensive anti-tumor efficacy (17 out of 20 regressions in two initial studies). Mechan-

istic studies in window chamber tumors revealed that Dox–LTSLCHT treatment resulted in

dramatic reduction in tumor blood flow and complete vascular shutdown for tumors tested. This

antivascular action was likely due to intravascular release of Dox from the LTSL, representing a

brand new paradigm for liposomal drug delivery that has previously relied upon extravasation of

the carrier via the EPR effect. Recent studies in other tumor lines have revealed the complexity and

heterogeneity of the tumor response to Dox–LTSLCHT. To monitor liposome release and distri-

bution in vivo, MRI methods using imageable liposomes have been developed. Ongoing research

will continue to provide insights as this temperature-sensitive nanotechnology moves forward into

clinical trials.

The lessons learned throughout this 15-year effort in triggerable drug delivery are likely to

extend to other nanotechnological therapeutics. Previous studies have shown that it is possible to

retain drug in a submicroscopic carrier or attach it to a nanomolecule. These drug delivery systems

must evade the body’s defenses in order to increase circulation lifetime and tumor uptake.

However, this chapter has categorically shown that it is also essential to release the drug in free

form, either in the blood stream of the tumor or in the perivascular space, so that it is bioavailable to

exert its anti-neoplastic effects as well as important anti-vascular effects.
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35.1 INTRODUCTION

An emulsion is generally described as a heterogonous system composed of two immiscible liquids:

one dispersed uniformly as fine droplets throughout the other. The majority of conventional emul-

sions in pharmaceutical use have dispersed particles ranging in diameter from 0.1 to 100 mm. As

with other dispersed systems such as suspensions, emulsions are thermodynamically unstable as a

result of the excess free energy associated with the surface of the droplets in the internal phase. The

dispersed droplets strive to come together and reduce the surface area. In addition to this floccula-

tion effect, the dispersed particles can coalesce, or fuse, and this can result in the eventual

destruction (phase separation) of the emulsion. To minimize this effect, a third component, the

emulsifying agent or surface active agent (surfactant), is added to the system to improve the

stability. The liquid present as small globules is called the dispersed or internal phase, whereas

the liquid where the droplets are dispersed is called the dispersion, continuous, or external phase. In

general, the immiscible liquids are described as oil and water phases. The oil phase may be any

hydrophobic non-polar liquid, and the water phase may be any hydrophilic polar liquid.
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The term macroemulsion is sometimes employed to distinguish the ordinary emulsions defined

above from microemulsions, nanoemulsions, and micellar systems. Whereas nanoemulsions are

two-phase systems where the dispersed phase droplet size has been made in the nanometer size

range, the microemulsions, and micellar systems are single-phase systems.1–3 All these systems are a

result of interfacial phenomenon brought out by surface active agents. Therefore, it is essential to

understand the molecular mechanisms responsible for the creation of these systems and distinctions

between them. Surface active compounds contain hydrophilic and hydrophobic moieties in the same

molecule. When these surfactants are added to the water phase or the oil phase, one portion of the

molecule is always incompatible with the other solvent molecules. Surfactants overcome this incom-

patibility by adsorption at interfaces (air–water, oil–water, or solid–water) and/or by formation of

aggregates called micelles. Micelles are colloidal aggregates that form above a specific concen-

tration, the so-called critical micelle concentration (CMC). When the solvent is water, a micellar

aggregate exhibit the structure as shown in Figure 35.1a where the surfactant molecules are oriented

in such a way that the hydrophilic groups are in contact with the water molecules, and the hydro-

phobic tails are located in the micellar core away from the aqueous environment. In this case, the core

of a micelle resembles a tiny pool of liquid hydrocarbon where compounds that are poorly soluble in

water but soluble in non-polar solvents can be solubilized. When the solvent is oil phase, inverse (or

reverse) micelles are formed where the surfactant’s hydrophilic groups are located inside

(Figure 35.1b). In this case, the compounds that are soluble in water phase can be solubilized in

the micellar core. The process of solubilization takes place well above the CMC, and because of

solubilization, micelles become swollen and may attain the size of a small droplet (w100 nm).

Consider, for example, that water is solvent, the surfactant concentration is well above CMC, and

the oil phase is also present; the micelles would solubilize large amounts of the oil phase and become

swollen until they start interacting through a phenomenon called percolation. Such packed swollen

micelle structures that could solubilize large amounts of both oil- and water-soluble compounds have

been called microemulsions because they were first thought to be extremely small droplet emul-

sions.4 This definition of microemulsions is still controversial with some scientists referring

microemulsions in similar context of emulsions systems (two phase systems, e.g., nanoemulsions)

while others referring to it as a single phase system.1,4,5 There is, however, general agreement that

microemulsions are optically isotropic, thermodynamically stable systems and are not amenable to

dilution with the external phase as normal emulsions. Application of microemulsions is usually

limited to dermal and peroral application because of their high surfactant concentration that tends

to prove toxic through other routes of administration. Also, they exist in narrow regions of the phase

diagrams and, as such, they are very sensitive to quantitative changes in formulation. A notable
Polar head group

Non-polar tail group

a. Micelle structure
(Dispersion medium is water phase)

b. Inverse micelle
(Dispersion medium is oil
phase)

Emulsier or surfactant molecule

FIGURE 35.1 (a) Micelles and (b) inverse micelles.

q 2006 by Taylor & Francis Group, LLC



Nanoemulsion Formulations for Tumor-Targeted Delivery 725
example of the microemulsion system in pharmaceutical application is Sandimmune Optorale and

Neorale pre-concentrate that contains cyclosporin-A as the active moiety indicated for immune

suppression in organ transplantation.6

Emulsion formulations can be used orally, parenterally, ophthalmically, or topically, and they

can be used by respiratory route.4,7 Commercial formulations of nanoemulsions are presented in

Table 35.1. Major application areas of nanoemulsions are in the field of total parenteral nutrition

and as carriers for various drugs, anesthetics, and image contrast-enhancement agents. In this

chapter, the discussion on application of nanoemulsion systems is restricted to cancer therapy.

Two types of emulsion systems are possible depending on if the dispersed droplets are oil or water

(i.e., oil-in-water (O/W) or water-in-oil (W/O) emulsion). O/W nanoemulsion systems are of

particular pharmaceutical importance from a parenteral drug delivery point of view. W/O emul-

sions are also parenterally used; however, their applications are limited for obtaining the prolonged

release of the water soluble compounds on intramuscular application. Multiple emulsion or double

emulsion systems are also possible where preformed emulsion is re-emulsified with either oil or

water. For example, multiple emulsions of oil-in-water-in-oil (O/W/O) are W/O emulsions where

the water droplets contain dispersed oil globules. Similarly, water-in-oil-in-water (W/O/W)

multiple emulsions are those where the internal and external water phases are separated by an

oil phase (Figure 35.2).
35.2 COMPOSITION OF NANOEMULSIONS

Nanoemulsions contain oil phases, surfactants or emulsifiers, active pharmaceutical ingredients

(drugs or diagnostic agents), and additives (Table 35.2).5,8–10 The oil phases are mainly natural or

synthetic lipids, fatty acids, oils such as medium or long chain triglycerides, or perflurochemicals.

Many oils, in particular, those of vegetable origin, are liable to auto-oxidation, and their use in

pharmaceutical formulations requires the addition of an antioxidant. The most widely used oils for

parenteral applications are purified soybean, corn, castor, peanut, cottonseed, sesame, and safflower

oils. Table 35.1 lists some of the oils that can be used for formulating nanoemulsions. Squalene has

been reported to be the choice of oil for formulating stable nanoemulsions with smallest droplet

size.11 Squalene, biocompatible oil, is a linear hydrocarbon precursor of cholesterol found in many

tissues, notably the livers of sharks (Squalus) and other fishes.12 Squalane, a derivative of squalene,

is prepared by hydrogenation of squalene and is fully saturated that means that it is not subject to

auto-oxidation, an important issue from a stability point of view. Purified mineral oil is used in

some W/O emulsion preparations.10 Emulsified perflurochemicals are considered acceptable for
TABLE 35.1
Commercial Nanoemulsion (Sub-Micron Emulsion) Formulations

Drug Brand Manufacturer Therapeutic Indication

Propofol Diprivan Astra Zeneca Anesthetic

Dexamethasone Limethason Mitsubishi Pharmaceutical,

Japan

Steroid

Palmitate

Alprostadil Liple Mitsubishi Pharmaceutical,

Japan

Vasodilator platelet inhibitor

Flurbiprofen axetil Ropion Kaken Pharmaceuticals,

Japan

Nonsteroidal analgesic

Vitamins A, D, E, K Vitalipid Fresenius Kabi, Europe Parenteral nutrition
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FIGURE 35.2 The different types of colloidal systems. (Adapted from Salager, J. L., Pharmaceutical Emul-

sions and Suspensions, Marcel Dekker, New York, pp. 19–72, 2000.)
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intravenous application, and many formulations involving the use of perflurochemicals have

reached the marketplace.13

The most widely used oils for oral emulsions are various fixed oils of vegetable origin, (corn,

cotton seed, or peanut oil), fish liver oil, and mineral oil. The most commonly used emulsifiers for

parenteral application include either natural lecithins derived from plant or animal sources [e.g.,

egg yolk or soy phosphatidylcholine (PC)] or modified lecithins (e.g., diethylenetriaminepentaa-

cetic acid (DTPA) conjugated phosphatidylethanolamine (PE) or poly(ethylene glycol) (PEG)-

modified lecithin derivatives). The poly(ethylene oxide) (PEO)-containing block copolymers, in

particular Pluronicsw or poloxamers, Tetronicw or poloxamines, polysorbates, PEG-conjugated

castor oil derivatives (Cremophore ELw), polyglycolized as well as glycerides, stearylamine

(SA), 1, 2-dioleoyl-3-trimethylammonium-propane, N-(1, 2-Dioleyl-dihydroxypropyl)-N-(dihy-

droxy-propyl) (DOTAP) or other positively charged lipids are also used as emulsifiers or

co-emulsifiers in the nanoemulsion formulations. Other pharmaceutical additives such as tonicity

modifiers, pH adjustment agents, antioxidants, sweeteners, flavors, and preservatives may also be

included in the final formulation, depending on the need.
35.3 PREPARATION OF NANOEMULSIONS

As previously discussed, because nanoemulsions are dispersions of fine droplets (in nanometer

range) in a dispersion medium, they are thermodynamically unstable and require considerable

mechanical energy for their preparation.14–16 The mechanical energy can be supplied in the form

of high pressure homogenizer (e.g., Avestinw homogenizer, Avestin Inc., Ottawa, Canada), Micro-

fluidizerw (MFIC Corporation, Newton, MA, U.S.A.), or an ultrasonic generator (e.g., VC-505,

Sonics, and Materials Inc., CT, U.S.A.). Stable preparation of nanoemulsions involves the

following steps. First, the active hydrophobic pharmaceutical agent is dissolved in the oil phase

and mixed with the water phase, and the mixture is then emulsified with a high shear homogenizer

for a short period. The coarse oil-in-water emulsion formed is then further homogenized using a

high pressure homogenizer or Microfludizerw. The emulsifier (or surfactant) is either mixed with

the water phase or the oil phase. Incorporation of the surfactant in the oil phase has added advantage
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TABLE 35.2
Components of Nanoemulsion Formulations

Oils Emulsifiers

Castor oil Natural lecithins from plant or animal sources

Coconut oil (phospholipids)

Corn oil PEG- phospholipids

Cottonseed oil Poloxamers (e.g. F68)

Evening primrose oil Polysorbates

Fish oil Polyoxyethylene castor oil derivatives

Jojoba oil Polyglycolized glycerides

Lard oil Stearlyamine

Linseed oil Oleylamine

Mineral oil

Olive oil Additives

Peanut oil Antioxidants (a-tocopherol, ascorbic acid)

PEG-vegetable oil Tonicity modifiers (glycerol, sorbitol, xylitol)

Perflurochemicals pH adjustment agents (NaOH or HCl)

Pine nut oil Preservatives

Safflower oil

Sesame oil

Soybean oil

Squalene

Squalane

Sunflower oil

Wheatgerm oil

Source: From Eccleston, G., Encyclopedia of Pharmaceutical Technology, Marcel Dekker, New

York, pp. 137–188, 1992; Chung, H., Kim, T. W., Kwon, M., Kwon, I. C., and Jeong, S. C., J.

Control Release, 71, 339–350, 2001; Allison, A. D., Methods, 19, 87–93, 1999; Klang, S. and

Benita, S., Submicron Emulsions in Drug Targeting and Delivery, Academic Publishers,

Harwood, pp. 119–152, 1998; Lundberg, B. B., J. Pharm. Pharmacol., 49(1), 16–21, 1997;

Campbell, S. E., Kuo, C. J., Hebert, B., Rakusan, K., Marshall, H. W., and Faithfull, N. S.,

Can. J. Cardiol., 7(5), 234–244, 1991.
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as it may aid in enhancing solubility of the lipophillic compound in the oil phase. The size of

nanoemulsion droplets can be manipulated by using appropriate pressure settings and number of

cycle runs. Nanoemulsions can also be formulated using direct sonication of the oil phase with

water phase in the presence of emulsifying agent. In this case, the intensity, mode, and duration of

sonication determine the final droplet size. It should, however, be noted that the size of nanoemul-

sion droplets is also dependant on the nature of oil (e.g., oil composition and viscosity) and the

emulsifying phase (e.g., type of emulsifier and its concentration).
35.4 CHARACTERIZATION OF NANOEMULSION SYSTEMS

Nanoemulsion systems are routinely characterized for particle size and surface properties (surface

charge and morphology).

35.4.1 PARTICLE SIZE

The size of nanoemulsion droplets determines their behavior both in vitro and in vivo. Particle size

of nanoemulsion droplets can be measured using an ensemble (e.g., spectroscopic methods such as
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light scattering), counting (e.g., microscopy such as freeze fracture electron microscopy) or separ-

ation method (e.g., analytical ultracentrifugation).17,18 Each method has its own advantages and

disadvantages. For example, when the particle size measurement of standard nanoemulsions (made

with pine nut oil and egg PC) was performed by this laboratory using an ensemble and counting

method, the results indicated some discrepancy. The average particle size of the nanoemulsion

droplets was 110G13 nm by dynamic light scattering method using ZetaPALS, 90Plus (Broo-

khaven Instruments Corporation, Holtsville, NY, U.S.A.). However, the freeze fracture electron

microscopy images indicated the size of the droplets in the range of 25–40 nm with some particle

aggregates in the size range w100–150 nm (Figure 35.3). It is recommended that, in order to obtain

better information on particle size distribution, it is essential that particle size analysis be performed

by more than one method. The particle size of the commercial nanoemulsions intended for total

parenteral nutrition is reported to be in the range of 100–400 nm.19
35.4.2 SURFACE CHARACTERISTICS

Similar to particle size, surface charge of the nanoemulsion droplets has marked effect on the

stability of the emulsion system and the droplets’ in vivo disposition and clearance. Conventionally,

the surface charge on the emulsion droplets has been expressed in terms of zeta potential (z). As the

emulsion droplets are a result of interfacial phenomenon brought out by surface active agents, their

zeta potential is dependent on the extent of ionization of these surface active agents. According to

DLVO electrostatic theory, the stability of the colloid is a balance between the attractive van der

Waals’ forces and the electrical repulsion because of the net surface charge.20 If the zeta potential
FIGURE 35.3 Freeze fracture electron microscopy image of paclitaxel nanoemulsions formulated using 20%

oil phase (pine nut oil) and egg phosphatidylcholine as surfactant and deoxycholic acid as co-surfactant. The

inset shows microscopy image at higher magnification. Nanoemulsion droplets were in the size range of

25–40 nm with some particle aggregates in the size range of w100–150 nm. Scale bar in both figures

represents 100 nm.
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falls below a certain level, the emulsion droplets will aggregate as a result of the attractive forces.

Conversely, a high zeta potential (either positive or negative), typically more than 30 mV, main-

tains a stable system.8,15,19 The zeta potential of the nanoemulsion droplets is routinely measured

using a Zetasizer (Malvern Instruments, U.K.) or the ZetaPlus instrument (Brookhaven Instruments

Corporation, Holtsville, NY, U.S.A.). The zeta potential of the commercial nanoemulsions used for

total parenteral nutrition is reported to be around K40 to K50 mV at pH 7.19 The net negative

surface charge is thought to be attributed to the anionic components of the emulsions, mainly the

phospholipids.21 One can impart positive charge to the nanoemulsions as well using cationic lipids

[e.g., SA,22–24 oleylamine,25 2,3-dioleoyloxypropyl-1-trimethylammonium bromide, DOTMA,26

dimethylaminoethane carbamoyl cholesterol (DC-cholesterol)],27 polymers (e.g., chitosan),28,29

and cationic surfactants (e.g., cetyltrimethylammonium bromide).30
35.5 FATE OF NANOEMULSIONS IN VIVO

Similar to liposomal systems, the oil droplets of a conventional O/W nanoemulsion are rapidly

cleared after intravenous injection by the reticuloendothelial system (RES) organs such as the liver,

spleen, and bone marrow. Alternatively, the emulsion droplets would bind to the apolipoproteins

from the blood stream, followed by their metabolism similar to chylomicrons.The clearance rate of

emulsion droplets from the systemic circulation is dependant on the physicochemical properties of

the emulsion system (size and surface properties in particular). By appropriate control of these

physicochemical properties, one can manipulate the in vivo behavior of the nanoemulsion systems.

35.5.1 EFFECT OF PARTICLE SIZE ON DISPOSITION AND CLEARANCE

Small-sized emulsion droplets are cleared slower than larger emulsion droplets. It is reported that

small-sized emulsions (100–110 nm) were successful in enhancing the plasma concentration of

rhizoxin although the drug was also distributed to the peripheral tissues.31 On the other hand,

emulsions with droplet size O200 nm prevented the drug from entering the bone marrow, small

intestine, and other organs not associated with the RES where toxicities of many cytotoxic

compounds are expected. Size of nanoemulsion systems can be controlled by processing conditions

(e.g., number of homogenization cycles or duration and intensity of sonication) and also by compo-

sition of the emulsifier system. Lundberg has reported that it is possible to control the particle size

of the nanoemulsion system using appropriate co-surfactant, e.g., use of 0.12 wt% of polysorbate

80 in castor oil: egg PC (1:0.4 wt%) emulsion system was found to reduce the size of the droplets

from 50 to 100 nm without using any co-surfactant.32 The use of Pluronicw F-108 as one of the

co-surfactants also decreased the size of the emulsion droplets. Particle size is also dependant on the

type of the oil phase used for the preparation of the nanoemulsion systems. For example, it was

reported that when squalene was used as the oil phase, smallest nanoemulsion droplets (190 nm)

were observed.11 Castor, safflower, and lard oils yielded emulsion droplets in the size range of 270–

285 nm, whereas linseed oil yielded droplets with size of around 355 nm.

35.5.2 EFFECT OF SURFACE CHARACTERISTICS ON DISPOSITION AND CLEARANCE

As previously discussed, emulsion droplets are rapidly taken up by the cells of the RES. The use of

PEG-modified phospholipids as emulsifies were shown to reduce the uptake by the cells of the RES

and to improve the blood circulation times. For example, it was reported that inclusion of PEG

derivatives such as Tweenw 80 or PEG–PE into the emulsions composed of castor oil and PC

decreases RES uptake and improves systemic circulation time.33 Hodoshima et al.34 reported that

lipid nanoparticles of lipophillic prodrug 4 0-O-tetrahydropyranyl doxorubicin with synthetic PEG

(1,900)-lipid derivative and PC enhanced the circulation half of the drug to 4.3 h after intravenous

administration in BALB/c mice. A similar approach has been used to improve tumor delivery of
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rhizoxin.31,35 When lecithin was replaced with hydrophilic poloxamer 338 in the emulsion formu-

lation, it was possible to avoid the normal disposition of droplets to the liver and spleen. In fact, one

study reported that one could totally eliminate the liver and spleen uptake by using a nonionic

co-emulsifier, the block copolymer poloxamine (P 908).36 Emulsions prepared with Pluronicsw as

co-emulsifiers also enhanced the circulation time of the formulation in vivo. The nature of lipid

component also alters the biodistribution profile of emulsion systems. For example, it was reported

that cholesterol-coated emulsions were rapidly removed from circulation compared to those coated

with sphingomyelin.37 The surface charge of the nanoemulsion droplets also affects the clearance

rate in vivo. Negatively charged nanoemulsions are cleared faster and showed high RES organ

uptake than neutral or positively charged nanoemulsions.8 On the other hand, positively charged

nanoemulsions showed an initial accumulation in the lungs followed by redistribution to the liver

and spleen.15 This natural fate of positively charged nanoemulsions might be important in devel-

oping a suitable system for delivery of drugs targeted specifically to the lungs in case of transplant

rejection therapy, lung infections, or lung cancer. In brief, the surface modification of nanoemulsion

systems offer an opportunity for prolonging the blood circulation time of the drug, enhancing the

possibility of interaction with target cells of interest. This is, in particular, important for delivery of

anti-cancer drugs as prolonged exposure of the drug is critical in the treatment of multi-drug-

resistant tumors.
35.6 APPLICATIONS OF NANOEMULSIONS IN CANCER THERAPY

35.6.1 IMPROVED DELIVERY OF LIPOPHILIC DRUGS

The advantages of formulating various lipophilic anti-cancer drugs in submicron O/W emulsion are

obvious. The oil phase of the emulsion systems can act as a solubilizer for the lipophilic compound.

Therefore, solubility of lipophilic drugs can be significantly enhanced in an emulsion system,

leading to smaller administration volumes compared to an aqueous solution. In addition, because

lipophilic drugs are incorporated within the innermost oil phase, they are sequestered from direct

contact with body fluids and tissues. Lipid emulsions can minimize the pain associated with

intravenously administered drugs by exposing the tissues to lower concentrations of the drug or

by avoiding a tissue irritating vehicle. This has been demonstrated with propofol,38 diazepam,39

methohexital,40 clarithromycin,41 etomidate,42 and a novel cytotoxic agent.43 Also, because these

systems are similar to chylomicrons, they are well-tolerated and have low incidences of side effects

compared to systems based on organic solvents, pH adjustments, and surface active agents (e.g.,

Cremophor) because there is less chance of drug precipitation upon administration. If the drug is

susceptible to hydrolysis or oxidation, it is protected by the non-aqueous environment. Further-

more, incorporation of anti-cancer drugs in submicron emulsions (with droplet size of 50–200 nm)

with long circulation properties are expected to enhance the tumor accumulation of the drug by

passive targeting through the enhanced permeability and retention effect.44,45 It possible to enhance

the tumor accumulation of nanoemulsions with appropriate modification of size or surface func-

tionalization as previously discussed. Oil-in-water submicron emulsions appear to be a viable

alternative for the intravenous administration of various lipophilic cytotoxic drugs. Several

groups of researchers have reported the submicron emulsion formulations of anti-cancer drugs

for improved efficacy and/or reduced toxicity.

Paclitaxel, a highly potent anti-cancer agent initially extracted from the bark of the Pacific yew,

was entrapped in lipid emulsion droplets with triolein as oil core and dipalmitoylphosphatidylcho-

line (DPPC) as the principal emulsifier. The emulsion was stabilized with polysorbate 80 and PEG-

dipalmitoyl PE. The results of in vitro anti-proliferative activity of paclitaxel against T47D cells

was retained by the drug emulsion with IC50 (drug concentration effective in reducing proliferation

by 50%) value of 7 nM as compared to 10 and 35 nM for paclitaxel in liposomes and Cremophorw

EL-ethanol (50:50) formulations, respectively.46 The incorporation of PEG-derivatized
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phospholipid is expected to enhance the in vivo circulation half life of the formulation, thereby

enhancing the exposure of the drug to the targeted tumor mass.

Another study reported the formulation of filter sterilizable emulsion formulation of paclitaxel

using a-tocopherol as the oil phase and a-tocopherylpolyethyleneglycol-1,000 succinate (TGPS)

and poloxamer 407 as emulsifiers.47 The emulsion droplet size was O200 nm with high levels of

paclitaxel loading (8–10 mg/mL). The formulation exhibited better efficacy and was more tolerable

when studied in B16 melanoma tumor model in mice. In addition, another group of researchers

developed a submicron emulsion (droplet diameter 150 nm) of paclitaxel with oil blend (trigly-

cerols), egg PC, Tweenw 80, and glycerol solution. The formulation showed cytotoxicity against

HeLa cells with an IC50 at 30 nM. An anti-tumor agent, valinomycin, was formulated in the

emulsion form using the commercially-available Intralipid 10% soybean oil emulsion used in

parenteral nutrition. Evaluation of this formulation in vivo indicated that the emulsion formulation

produced similarly shaped dose-response curve to that of an aqueous suspension, but the emulsion

formulation required a 30-fold lower dose than the suspension to produce therapeutic similar

effects.7

In formulation of nanoemulsions, selection of the appropriate oil phase is important because

most of the anti-cancer compounds exhibit poor solubility in the oil phase, especially those with

highly lipophilic oils. Kan et al. determined the solubility of paclitaxel in various oils such as

tributyrin, tricaproin, tricaprylin, corn, soyabean, cotton seed, and mineral oil, and they found that

triacylglycerols with short fatty acid chains (tributyrin and tricaproin) were good solvents for

paclitaxel with solubility of more than 9.00 mg/g as compared to other vegetable oils (range

0.14–0.23 mg/gm).48 Another approach to enhance the oil solubility of the anti-cancer compounds

is the chemical modification or prodrug formation. Prodrugs with increased oil solubility have been

obtained with such anti-cancer drugs as teniposide, etoposide, camptothecin, and paclitaxel,

whereas amphiphilic derivatives have been prepared from fluorodeoxyuridine.49 Esterification

with long-chain fatty acids (i.e., oleic acid) has also been reported to increase the oil solubility

of many anti-cancer drugs.

Using submicron oil-in-water systems, one can engineer a multifunctional therapeutic system

by combining several drugs in the same carrier (i.e., with an oil soluble drug in the core and an

amphiphilic one in the surface monolayer) for more effective treatment of tumors or other diseased

conditions. Emulsion formulations also show promise in cancer chemotherapy as vehicles for

prolonging the drug release after intramuscular and intratumoral injection (W/O systems) and as

a means of enhancing the transport of anti-cancer drugs via the lymphatic system.10
35.6.2 POSITIVELY CHARGED ANOEMULSIONS IN CANCER THERAPY

Positively charged nanoemulsions systems are expected to interact with negatively charged cell

surfaces more efficiently, and this aspect of the positively charged nanoemulsions has been

explored for possibility of oligonucleotide delivery to cancer cells.50–53 Because oligonucleotides

molecules display a polyanioinc character and present a large molecular structure, their ability to

cross cell membranes remains very low. Teixeira et al.50 formulated cationic O/W emulsions of

oligonucleotides (pdT16) using medium chain triglycerides, PC, poloxamer, and either monoca-

tionic SA lipid PC–SA emulsion or a polycationic lipid, RPR C18 (PC–RPRC18 emulsion). They

studied the biodistribution in leukemic P388/ADR cells grown in the peritoneal cavity after intra-

peritoneal administration in mice (Table 35.3). The fate of both the pdT and the marker of the oil

phase (cholesteryl oleate) were determined in the fluid (devoid of cancer cells) and in the P388/

ADR cell pellet. The results indicated that pdT in solution remained only in the fluid and did not

associate at all with the tumor cells. However, pdT injected as an emulsion formulation was

detectable in the cancer cells pellet even after 24 h and in very high proportions (up to 18% of

the injected dose). When the area-under-the-curve values of the concentration versus time profiles

for different formulations were compared, it was observed that RPR C18 formulations favored an
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TABLE 35.3
Area Under the Percent Tissues–Time Curve After Intraperitoneal Administration Into Mice

Bearing P388/ADR Ascites of pdT16 in Solution or Associated with PC/SA or PC/RPRC18

Emulsion

AUC0–24 h (% Injected Dose/min)

Preparations Blood Liver Kidneys Lungs Spleen Cell Pellet

Solution 3,870 16,411 4,725 1,231 2,343 3,095

PC/SA 3,393 16,505 4,214 1,254 2,438 13,634

PC/RPRC 2,984 1,167 2,771 850 2,200 22,592

PC/SA, phosphatidylcholine-stearylamine emulsion; PC/RPRC18, Posphatidylcholine-polycationic lipid RPRC18 emulsion;

pdT16, Oligohexadecathymidylate.

Source: Adapted from Teixeira, H., Dubernet, C., Chacun, H., Rabinovich, L., Boutet, V., Deverre, J. R., Benita, S., and

Couvreur, P., J. Control Release, 89(3), 473–482, 2003.
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increased association of pdT to the tumor cells compared to SA (Table 35.3). Because the distri-

bution of the oil marker in the tumor fluid and the P388/ADR cell pellet could not be correlated with

that of pdT, the authors postulated that pdT was probably not taken through the endocytosis of the

oil droplets but by positive charges of the emulsion that probably increased membrane permeability

and allowed the pdT molecules to more efficiently enter the cells. In another study, cationic

emulsions composed of 3b [N-(N 0,N 0-DC-Chol)] and dioleoylphosphatidyl ethanolamine, castor

oil, and Tweenw 80 efficiently delivered plasmid DNA into various cancer cells with low toxicity.

Furthermore, the use of chitosan as a condensing agent (for DNA) and subsequent complexation

with cationic emulsion composed of DC-chol enhanced the transfection efficiency in vitro

compared to DNA/emulsion complexes with the same formulation with chitosan.54 In vivo study

in mice showed that with chitosan enhanced emulsion complexes, the GFP mRNA expression was

prolonged in liver and lung until day 6. Goldstein et al.55 formulated a monoclonal antibody,

AMB8LK-, cationic emulsion for targeted delivery to the tumors that overexpress H-ferritin

(that is recognized by AMB8LK). The results of cell culture studies indicated that the coupling

of AMB8LK-Fab’ fragment to the cationic emulsion increased the cells uptake by 50% as

compared to non-Fab’ conjugated cationic emulsion. Similar conjugation of B-cell lymphoma

monoclonal antibody, LL2, to the surface of polyethylene glycol-PE-based lipid emulsion globules

has been reported with improved binding to the B-lymphoma cells.56 The results from these studies

indicate significant potential of cationic emulsion systems as effective drug/gene delivery vehicles

to tumor cells.

35.6.3 PHOTODYNAMIC THERAPY OF CANCER

Photodynamic therapy (PDT) of cancer is based on the concept that certain photosensitizers can be

localized in the neoplastic tissue, and subsequently, these photosensitizers can be activated with the

appropriate wavelength (energy) of light to generate active molecular species such as free radicals

and singlet oxygen (1O2) that are toxic to cells and tissues.57–59 PDT is a binary therapy, and it has a

potential advantage in its inherent dual selectivity. First, selectivity is achieved by an increased

concentration of the photosensitizer in target tissue; second, the irradiation can be limited to a

specified volume. Provided that the photosensitizer is nontoxic, only the irradiated areas will be

affected even if the photosensitizer does bind to normal tissues. Selectivity can be further enhanced

by binding photosensitizers to molecular delivery systems that have high affinity for target tissue.

Many photosensitizers, however, are characterized by a high level of hydrophobicity. The poor

water solubility of most photosensitizers often prevents their direct administration into the
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bloodstream. To overcome this problem, photosensitizers have to be either chemically modified or

incorporaed into lipid delivery systems such as liposomes and emulsions.

Morgan et al. utilized emulsions prepared with the ethoxy castor oil Cremophorw-EL (CR) and

DPPC liposomes for the administration of several hydrophobic purpurins to rats with an implanted

urothelial tumor.60 PDT studies showed that tin (IV) etiopurpurin (SnET2) at a dose of 1 mg

kg-winduced 100% tumor cure with both delivery vehicles. At lower doses, SnET2 in CR was

more effective than SnET2 in liposomes.61 Therapeutic doses of SnET2 in CR caused no photo-

toxicity to footpad tissue irradiated 24 h after administration although some phototoxicity was

observed with liposomes. A higher PDT efficacy was observed by delivering a ketochlorin in

CR than in Tweenw 80. The better response of the RIF tumor (murine mammary sarcoma) to

PDT was ascribed to an increased tumor uptake of the ketochlorin, probably caused by a longer

persistence of the drug in the circulation.62 Similar conclusions were drawn by comparing the

pharmacokinetics of several germanium (IV)-octabutoxy–phthalocyanines (GePc) incorporated

into DPPC liposomes or in CR emulsion. The Cremophor-delivered GePcs were cleared from

the blood circulation at a much slower rate than the liposome-delivered GePcs.63 At the same

time, Cremophor induced a slower and reduced uptake of the GePcs in the liver and spleen, and it

greatly enhanced the uptake in the tumor as compared to liposomes. Furthermore, CR induced a

four-fold higher accumulation of the Pcs in the MS-2 fibrosarcoma, yielding in all cases two to three

times higher tumor-to-muscle (peritumoral tissue) and tumor-to-skin drug concentration ratios.64

Almost similar results have been reported with silicon (IV)-phthalocyanine (SiPc) CR or liposome

formulation in C57B1/6 mice Lewis lung carcinoma.65

In brief, various PDT therapies have reported two different vehicles for photosensitizers, a

Cremophor oil emulsion and DPPC liposomal vesicles. The reported pharmacokinetic studies

clearly indicate that the former vehicle yields a significantly larger selectivity of tumor targeting,

mainly as a consequence of an enhanced accumulation in the malignant lesion, and no appreciable

differences in the uptake by healthy tissues is observed with Cremophor or DPPC liposomes (except

higher uptake by brain tissues with CR formulation). The greater accumulation of Cremophor-

delivered photosensitizers has been thought to be attributed to the tendency of this vehicle to release

the associated photosensitizing drug to serum low-density lipoproteins (LDLs) in a highly prefer-

ential amount, and DPPC liposomes transfer the drug to all the components of the lipoprotein class

in aliquots that are proportional to the relative concentration of the individual proteins.61 LDLs are

known to display a preferential interaction with a variety of neoplastic cells through a receptor-

mediated endocytotic process. The tumor cells often express an increased number of LDL receptors

as compared with normal cells.
35.6.4 NEUTRON CAPTURE THERAPY OF CANCER

Neutron Capture Therapy (NCT) is a binary radiation therapy modality that brings together two

components that when kept separate, have only minor effects on the cells. The first component is a

stable isotope of boron or gadolinium (Gd) that can be concentrated in tumor cells by a suitable

delivery vehicle. The second is a beam of low-energy neutrons. Boron or Gd in or adjacent to the

tumor cells disintegrates after capturing a neutron, and the high energy heavy charged particles

produced through this interaction destroy only the cancer cells in close proximity to it, leaving

adjacent normal cells largely unaffected.66 The success of NCT relies on the targeting of boron and

Gd-based compounds to the tumor mass and to achieve desirable intracellular concentrations of

these agents. At the present time, there are two targets with NCT, namely glioblastoma (malignant

brain tumor) and malignant melanoma.

Lu and co-workers developed and evaluated a very low-density lipoprotein (VLDL), resem-

bling phospholipid-submicron emulsion as a carrier system for new cholesterol-based boronated

compound, BCH (anti-cancer boron neutron capture therapy compound), for targeted delivery to

cancer cells.67 Emulsions were formulated by sonication method using triolein, cholesterol,
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cholesterol oleate as lipids, egg PC, lysophosphatidylcholine as surfactants, and BCH as active

pharmaceutical ingredient. The BCH was solubilized in the inner oily core of the emulsion droplets

(155G5 nm). The formulation was designed based on the fact that LDL and high-density lipopro-

teins (HDL) are natural carriers of cholesteryl esters in the body, and certain human and animal

tumor types have been shown to have elevated LDL-receptor activity primarily because the rapidly

dividing cancer cells require higher amounts of cholesterol to build new cell membranes. It is

expected that VLDL-resembling formulation may mimic the VLDL–LDL biological process for

targeted drug delivery to cancer cells. Cell culture data showed sufficient uptake of BCH in rat 9L

glioma cells (O50 mg boron/g cells). The authors proposed that such VLDL-resembling formu-

lation may serve as a targeted drug delivery system to cancerous cells in vivo.

Miyamoto et al. prepared the nanoemulsions of Gd complexed with DTPA-distearylamide (SA)

and DTPA-distearylester (SE) using soybean oil and hydrogenated PC and various co-surfactants

(Cremophorew-RH60, Myrjw 53, Myrjw 59, or Brijw 700).68,69 The biodistribution of the Gd was

studied in melanoma-bearing hamsters after intraperitoneal administration of the formulations. The

co-surfactant-containing emulsions were more rapidly and completely cleared from the abdominal

cavity than the plain emulsion without co-surfactants. When the effect of the co-surfactants on the

biodistribution of Gd from Gd–DTPA–SA-containing emulsions in the standard-Gd formulation

were compared, the Cremophorew-RH60 emulsion exhibited the highest Gd accumulation in the

tumor (107 mg Gd/g tumor), possibly resulting from its small particle size (78 nm) and the stable

coat on the particle surfaces with PEO. The Brijw 700-containing emulsion allowed the highest

blood Gd concentration for a prolonged period. However, it exhibited slower Gd accumulation in

the tumor, only reaching an identical level in comparison with the Cremophorew-RH60 emulsion.

Gd–DTPA–SE emulsions exhibited poor tumor accumulation of Gd.

The same group of researchers evaluated the effect of intravenous administration of Gd-na-

noemulsions on biodistribution and tumor accumulation.70 The biodistribution data revealed that

the intravenous injection had three advantages over the ip injection, namely, a faster and higher

accumulation of Gd and a more extended retention time of Gd. Two intravenous injections of the

standard-Gd-nanoemulsion (1.5 mg Gd/ml) with a 24 h interval doubled the tumor accumulation of

Gd, resulting in 49.7 mg Gd/g wet tumor 12 h after administration. By using a two-fold Gd-en-

riched formulation (3.0 mg Gd/ml) in the repeated administration schedule, the accumulation was

doubled again, reaching 101 mg Gd/g wet tumor. This level was comparable to the maximum level

in the single ip injection previously reported. The authors proposed that intravenous injection could

be an alternative to ip injection as an administration route for Gd.
35.6.5 PERFLUOROCHEMICAL NANOEMULSIONS IN CANCER THERAPY

Perfluorocarbon emulsions are being clinically evaluated as artificial oxygen carriers to reduce

allogeneic blood transfusions or to improve tissue oxygenation.13 Perfluorochemicals are chemically

inert synthetic molecules that primarily consist of carbon and fluorine atoms and are clear, colorless

liquids. They have the ability to physically dissolve significant quantities of many gases, including

oxygen and carbon dioxide. Perfluorochemicals are hydrophobic and are not miscible with water.

Perfluorochemicals have to be emulsified for intravenous use. To mimic the natural oxygen carrying

cells (RBCs), the droplet size of perfluorocarbon emulsions is maintained in sub-micron range

(median diameter !0.2 mm). Egg phospholipid has been used as an emulsifier of choice in these

formulations. The examples of the commercial perfluorocarbon emulsions are Oxygente (Alliance

Pharmaceutical Corporation, San Diego, CA, U.S.A.), Oxyfluorw (Hemagen Inc., St Louis, MO,

U.S.A.) and Fluosol-DA (Alpha Therapeutic Corp., Los Angeles, CA, U.S.A.).

The perfluorochemical nanoemulsions (PFCE) have opened interesting opportunities in cancer

therapy. It is suggested that fluorocarbon emulsions might find a role in photodynamic therapy, both

as carriers for sensitizing dyes and also to maintain tissue oxygenation in hypoxic regions of solid

tumors. The high solubility of oxygen in fluorocarbon emulsions maintains solution oxygen
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tension, optimizing photo-oxidative damage. The hydrophobic anti-cancer drugs can be delivered

to the tumor mass by dissolving them in a hydrophobic core of the emulsion. Furthermore, PFCE

can be used as an adjuvant to radiation therapy and/or chemotherapy in the treatment of solid

tumors.71,72 The rationale for the use of PFCE in this therapeutic setting is that solid tumor masses

contain areas of hypoxia that are therapeutically resistant. Since x-rays and many chemotherapeutic

agents require oxygen to be maximally cytotoxic and most normal tissues are well-oxygenated, the

additional oxygen put in circulation by the PFCE should not increase the normal tissue toxicities

produced by the various therapies. The preclinical studies have shown very positive effects with

single dose and fractionated radiation in several rodent solid tumor models. Many widely used anti-

cancer drugs, including anti-tumor alkylating agents and doxorubicin, have shown improved

response by PFCE coadministration.73 Also, local application of toxic doses of PFCEs resulted

in the necrosis of cancer cells. This is especially promising in the treatment of cancers of the head

and neck regions that are currently difficult to treat.74

Lanza and co-workers developed a perfluorocarbon emulsion that can be used for ultrasound

and magnetic resonance imaging (MRI) detection of fibrin and thrombus.75 Liquid perfluorocarbon

inside the nanoemulsion core makes it stable and acoustically reflective—a benefit for ultrasound

imaging. For MRI, the nanoemulsion can carry Gd molecules. The authors estimates that one

nanoemulsion droplet can carry up to 100,000 Gd molecules, enough for a large MR signal and

effective imaging of the targeted area. The fluorine component allows quantification of drug

amounts to the targeted area using MR spectroscopy. The authors speculated that one could

attach radionuclides such as technetium-99m for nuclear imaging or radio-opaque compounds

for contrast enhancement in computed tomography in the nanoemulsion core. The same group

of researchers have also developed an avb3 integrin-targeted paramagnetic nanoemulsions that can

detect and characterize sparse integrin expression on tumor neovasculature induced by nascent

melanoma xenografts.76 Alphan-beta3 integrin is an excellent marker for angiogenesis and, there-

fore, is used as the target to dock the nanoemulsion particles. When the emulsion particles are

injected into the body, the homing ligand causes the droplets to seek out avb3 integrin. Detecting

avb3 integrin provides a direct and early measure of tumor vascularity. Angiogenesis is associated

with a wide variety of pathologies, and by targeting angiogenesis, the nanoemulsions can identify

solid tumors and lymphoid cancers at an early stage. Because angiogenesis also occurs with

atherosclerosis and inflammatory diseases, authors feel that such nanoemulsions can be used for

additional diagnostic applications, including imaging early signs of atherosclerosis, restenosis

following angioplasty, and inflammatory diseases such as rheumatoid arthritis.
35.7 CONCLUSIONS AND FUTURE PERSPECTIVES

Nanoemulsion formulations offer several advantages for the delivery of drugs, biologicals, or

diagnostic agents. Traditionally, nanoemulsions have been used in clinics for more than four

decades as total parenteral nutrition fluids. Several other products for drug delivery applications

such as Diprivanw, Liplew, and Ropionw have also reached the marketplace. Although nanoemul-

sions are chiefly seen as vehicles for administering aqueous insoluble drugs, they have more

recently received increasing attention as colloidal carriers for targeted delivery of various anti-

cancer drugs, photosensitizers, neutron capture therapy agents, or diagnostic agents. Because of

their sub-micron size, they can be easily targeted to the tumor area. Moreover, the possibility of

surface functionalization with a targeting moiety has opened new avenues for targeted delivery of

drugs, genes, photosensitizers, and other molecules to the tumor area. Research with perflurochem-

ical nanoemulsions has shown promising results for the treatment of cancer in conjugation with

other treatment modalities and targeted delivery to the neovasculature. It is expected that further

research and development work will be carried out in the near future for clinical realization of these

targeted delivery vehicles.
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36.1 INTRODUCTION

Solid lipid nanoparticles (SLN) are colloidal particles of a lipid matrix that is solid at body

temperature. Since their first introduction by Müller et al. in 1991,1 SLN have attracted increasing

interest as a carrier system for therapeutic and cosmetic applications.2–7 As a drug delivery system,

SLN have been investigated in the last ten years for pharmacological and dermatological formu-

lation development. They can be administered through a number of routes including parenteral,

peroral, dermal and rectal.2,4,6,7 Improved bioavailability and targeting capacity have been

observed8,9 and enhanced cytotoxicity against multidrug resistant cancer cells10,11 have been

evidenced when SLN are used as the delivery vehicles.

SLN have been proposed as an alternative to other controlled drug delivery systems (CDDS) such

as lipid emulsion, liposome, and polymeric nanoparticles as a result of their several advantages. For

instance, in comparison to lipid emulsion, the solid lipid matrix of SLN makes sustained drug release

possible. The solid lipids also immobilize drug molecules, thereby protecting the labile and sensitive

drugs from coalescence and degradation,12 and reduce drug leakage that are commonly seen in many

other CDDS such as liposomes. Compared with some polymeric nanoparticles, SLN are generally

less toxic because physiological and biocompatible lipids are utilized. Meanwhile, all of the less toxic

surfactants that have been applied to other CDDS are equally applicable for SLN preparation. Other

appealing features of SLN include the feasibility for mass production,13–16 flexibility in sterilization,4

and avoidance of organic solvents in a typical SLN preparation process. It should be noted that SLN

are also a versatile formulation. Both lipophilic and hydrophilic compounds can be encapsulated and

delivered by SLN with modification in the formulation.

The aforementioned useful qualities of SLN make them particularly attractive for the delivery

of cancer chemotherapeutic agents. Anti-tumor drugs, especially the cytotoxic compounds that are

used in conventional chemotherapy, are unique when compared to other classes of drugs in a

number of areas such as the strong toxicity that is typical of cytotoxic drugs often compromises

their therapeutic effects; poor specificity of their drug action in general; and the frequent occurrence

of drug resistance during chemotherapeutic treatment. These issues may all at least be partly

tackled by delivering anti-tumor compounds with a suitable drug carrier system. SLN is potentially

a valuable choice for this purpose. The favorable physicochemical characteristics, controlled

release kinetics, and site-specific drug delivery of SLN mean most of the anti-tumor drugs can

be efficiently loaded and delivered to the cancerous tissues at reasonable rates while keeping the

healthy tissues relatively unexposed to these highly toxic agents17,18 In addition, many compounds

that can be used to reduce drug resistance in cancer cells are also lipophilic (to be discussed later).

SLN may also be used for the delivery of these compounds to further improve the effectiveness of

chemotherapy of cancer normally resistant to cytotoxic drugs.
q 2006 by Taylor & Francis Group, LLC



Solid Lipid Nanoparticles for Anti-Tumor Drug Delivery 743
In order to fully optimize the performance of SLN for anti-tumor drug delivery, it is critical to

gain some understanding of their fundamental aspects. This starts from knowing their main

constituents that define the physicochemical properties of the SLN system they form, including

the particle size, surface charge, and lipid crystallinity. These, in turn, have a strong impact on the

SLN performance. Drug loading, release kinetics, tumor targeting ability, and pharmacokinetics

in vivo may all be affected. For example, drug encapsulation by SLN is inversely correlated to the

degree of crystallinity of lipids that is related to the choice of lipids.19–21 Surfactants are applied to

stabilize the colloids22 to delay lipid crystallization23,24 and modulate the degradation rate of

lipid.25,26 The tumor targeting capacity of SLN derives from their particle size, colloidal

morphology, and surface modification. The leaky vasculature and poor lymphatic drainage of a

tumor generally facilitate preferential penetration by and retention of particulate matters of small

size.27 The submicron size of SLN allows them to passively target tumor tissues. Further manipu-

lation of the in vivo distribution of SLN can be achieved by modifying their surface charges or

hydrophobicity. All in all, by understanding the relationship among the SLN constituents, the

physicochemical properties, and particle behaviors, the anti-cancer performance of SLN can

be optimized.28,29

SLN are not without their limitations. In fact, some drawbacks of SLN such as the low loading

capacity for hydrophilic drugs, biphasic release kinetics, and formulation stability issues are still

barriers against their popular use.30,31 Fortunately, this class of drug carriers is also rapidly evol-

ving. A number of strategies have been developed to overcome these limitations. Some of these

strategies lead to new generations of SLN. In this chapter, an overall review of the fundamental

aspects of SLN, the strategies employed for efficient encapsulation and controlled release of various

anti-cancer drugs by SLN, and their current use for anti-tumor drug delivery is presented. It is

believed that the information described here will contribute to the design and development of new

SLN formulations for improved delivery of anti-tumor compounds.
36.2 COMPOSITION AND STRUCTURE OF SLN

The typical ingredients of SLN consist of solid lipid(s), surfactant(s) (plus co-surfactants if

required), and incorporated active ingredients. To date, the lipids applied in the preparation of

SLN include the following categories based on their structural diversity: fatty acids with different

lengths of hydrocarbon chain; fatty esters; fatty alcohol; glycerides with different structures; and

mixtures of glyceryl esters. The frequently used anionic and non-ionic lipids and their structures are

listed in Table 36.1a and the cationic lipids in Table 36.1b. Waxes such as Cutina CP (cetylpal-

mitate), solid paraffin, and beewax are also sometimes used for SLN preparation. The surfactants

used include amphoteric, ionic, and non-ionic ones (Table 36.2). Although ionic surfactants such as

sodium dodecyl sulphate will allow the SLN to possess narrow size distribution and better stability,

some of them are associated with undesirable toxicity. In addition to the conventional lipid-based

SLN, the synthesized para-acyl-calix[4]arene-based SLN was also recently developed.32

SLN have the inherent advantage to poorly encapsulate water-soluble agents because of the

lipophilicity of solid lipids. However, to incorporate hydrophilic drugs into SLN, some additional

measures have to be taken. Counterions such as polymers and esters (organic salts) are required to

neutralize the charge of the drugs (both listed in Table 36.2). This may increase the apparent

partition coefficient of the selected drug in the lipid phase and enhance its loading. The encapsula-

tion of specific hydrophilic anti-tumor compounds is further discussed in Section 36.5.2.2 and

Section 36.5.2.3.

According to the drug incorporation mechanisms, SLN-based systems can be classified into the

following categories, i.e., classical SLN, polymer–lipid hybrid SLN (PLN), nanostructured lipid

carriers (NLC), and lipid-drug conjugate (LDC). Their differences are summarized in Table 36.3.
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TABLE 36.1a
Structures of Lipids Used in the Preparation of Solid Lipid Nanoparticles (SLN)

Chemical Structure Name of Lipid
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H2
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CH3n
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36.2.1 LIPIDS USED IN SLN

The choice of lipids is critical for SLN to achieve the desired drug loading capacity, stability, and

sustained release behavior. Different lipid phases lead to different apparent partition coefficients

and different loading capacities for the same drug. Polymorphism of lipids also affects the proper-

ties of a SLN system. In addition, hydrophobicity of lipids varies with the balance of the

hydrophobic and hydrophilic functional groups on the lipid molecules. For instance, a fatty acid
q 2006 by Taylor & Francis Group, LLC



TABLE 36.1b
Cationic Lipids Used for Preparation of Cationic SLN

Stearylamine (SA)

N,N-di-(b-steaorylethyl)-N,N-dimethylammonium chloride (EQ1)

Benzalkonium chloride (BA)

Cetrimide (CTAB)

Dimethyldioctadecylammonium bromide (DDAB)

N-[1-(2,3-dioleoyloxy)propyl-N,N,N-trimethylammonium chloride (DOTAP)

Chloroquine phosphate (CQ)

Cetylpyridinium chloride (CPC)

Dimethyldioctadecylammonium bromide (DDAB)

TABLE 36.2
A List of Surfactants, Co-Surfactants, Counterions, and Surface-Modifying Agents

Commonly Used in the Formulation of SLN-Based Systems

Surfactants and Co-Surfactants

Amphoteric surfactants Non-ionic surfactants

Egg phosphatidylcholine (EggPC) Brij78

Egg lecithin (Lipoid E80) Poloxamer 188

Soy phosphatidylcholine (SP) Poloxamer 407

(Epikuron 200, 95% SP) Poloxamine 908

(Lipoid S100) Polyglycerol methyl glucose distearate

(Lipoid S75, 68% SP) (Tego care 450)

(Lipoid S75, 68% SP) Solutol HS15

(Phospholipon 90G, 90%) Span 85

Trehalose

Ionic surfactants Tween 20

Sodium cholate Tween 80

Sodium cocoamphoacetate Tyloxapol

Sodium dodecyl sulfate (SDS)

Sodium glycocholate Co-surfactants

Sodium oleate Butanol

Sodium taurocholate Butyric acid

Sodium taurodeoxycholate

Counterions

Organic salts Ionic polymers

Monodecylphosphate Dextran sulfate sodium salt

Monohexadecylphosphate Hydrolyzed, polymerized epoxidized soy

bean oil (HPESO)

Mono-octylphosphate

Sodium hexadecylphosphate

Surface-modifying Agents For long-circulating SLN

Dipalmitoylphosphatidyl-ethanolamine conjugated with polyethylene glycol 2000 (DPPE-PEG 2000)

Distearoyl-phosphatidylethanolamine–N-poly(ethylene glycol) 2000 (DSPE–PEG)

stearic acid-PEG 2000

Solid Lipid Nanoparticles for Anti-Tumor Drug Delivery 745
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TABLE 36.3
Categories of Solid Lipid Nanoparticles (SLN)

SLN 1. Solid lipid matrix as carrier

2. Lipophilic drug or hydrophilic drug–ester complex is molecularly incorporated into

the solid lipid matrix

NLC 1. Binary mixture of solid lipid and spatially different liquid oil as carrier

2. Lipophilic drug or hydrophilic drug–ester complex is molecularly incorporated into

the solid lipid matrix

PLN 1. Solid lipid as carrier

2. Hydrophilic drug–polymer complex is incorporated into the solid lipid matrix

LDC 1. Hydrophilic drug–lipid conjugate as the homogeneous matrix
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becomes more hydrophobic with the increase in the length of its hydrocarbon chain. A fatty ester is

more hydrophobic than the fatty acid of the same chain length because the hydrophilic carboxyl

group of the fatty acid is replaced by the more hydrophobic ester group. Triglycerides are more

hydrophobic than mono- and di-glycerides because all three hydrophilic hydroxyl groups are

substituted by fatty ester. The lipid composition essentially determines the overall hydrophobicity

of SLN.

Thus far, there has not been a definite rule available for choice of lipids for SLN preparation

though some empirical guidelines are proposed. Measurement of solubility of a given drug was

suggested for oral drug delivery by SLN.33 Empirical equations were used to mathematically

predict the partition of a drug between a lipid or oil phase and an aqueous phase based on physical

interactions of the solute (drug) and solvents (lipid or aqueous phase). For parenteral SLN formu-

lations, certain requirements need to be met in the selection of lipids such as the suitability of

producing particulates in a submicron range, sterilization by autoclaving, long-term storage stab-

ility either in dispersion or after lyophilization, and acceptable toxicity.34

In general, high drug loading in SLN can only be obtained when the drug has a high solubility in

the lipid melt or a high partition coefficient between the molten lipid and aqueous phase. Based on

the general principle of like-dissolve-like, Li et al. proposed a method to rationally screen the lipid

carrier for SLN to obtain high drug loading capacity by a combination of the theoretical calcu-

lations and experimental partition coefficient measurements.35 The theoretical calculations include

total solubility parameter, polarity, and mixing enthalpy. This method has already been used for the

screening of 16 lipids from different categories, and it has shown good predictive power.

The occurrence of lipid polymorphism is a phenomenon fairly unique to SLN as compared to

other lipid formulations. Lipid polymorphism is referred to the multiple crystalline forms of solid

lipids. One of these polymorphic forms, usually the one that forms perfect crystalline lattice, is

more thermodynamically stable. For example, triglyceride has three forms, i.e., a-form, b-form,

and b 0-form. Among them, only the b-form is stable.36 The relatively less stable or meta-stable

forms would eventually transform to the stable polymorphic form, leading to a number of chal-

lenges in the development of SLN formulations. Drug molecules are primarily loaded into SLN in

the defects of the lattices of solid lipids. When the lipid molecules are converted from the meta-

stable forms into the stable form, they become more orderly packed, and some of the defects in the

lattices disappear. As a result, drug expulsion from the lipid core to the particle surface may occur,

contributing to high initial burst release and drug leakage during storage.

Therefore, one additional criterion for choosing lipids for SLN formulation is the tendency of

these lipids to form perfect crystals, or more precisely, their polymorphic transition rates. Once

again, there is no strict rule to follow. However, in general, lipids with longer fatty acid chains have

a slower transition rate than those with shorter chains.22 SLN made from waxes as lipid matrix
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exhibited significant drug expulsion phenomenon because of the more crystalline structure

although wax-based SLN are usually more physically stable.19 In addition to the type of lipids,

some other factors may also affect the lipid crystallinity, including the storage condition and SLN

production methods.37–39 For example, rapid cooling process will be beneficial to maintain the lipid

matrix in a meta-stable form.37 The choice of surfactant and co-surfactant plays a crucial role as

well.24 The crystallization rate of Dynasan 114-based SLN was shown much faster when poloxamer

was used as the surfactant than those stabilized by the sodium salt of cholic acid.40 An increased

amount of the meta-stable form of stearic acid was also found when a high concentration of

co-surfactant such as butanol was included in the SLN preparation.25

To avoid the aforementioned crystallinity and polymorphism problems, lipid oils, e.g., Miglyol

812 (caprylic/capric triglycerides) or oleic acid, were incorporated into solid lipids or a binary

mixture of physically incompatible solid lipids was used, attempting to disrupt the crystallinity of

the solid lipid matrix. The resulting modified form of SLN is often referred to as nanostructured

lipid carrier (NLC) (see more description in Section 36.2.4.2).41–43 This method may also provide

additional advantages such as increased drug payload.

Rather than avoiding the complexity caused by lipid polymorphism and crystallinity, some

researchers attempted to exploit this phenomenon, and they turned it into a useful feature. For

instance, the polymorphic conversion of lipid matrix from the meta-stable b 0 form to the stable b
form, as confirmed by form wide-angle x-ray scattering pattern, altered drug release rate,44

suggesting that by careful design, release rate of SLN can be modulated by controlling the

polymorphic interconversion.

Cationic SLN formulations containing positively charged lipids were developed for gene

delivery45 as the positive surface charge may enhance in vivo transfection efficiency of genes.

Some of the catioic lipids are listed in Table 36.1b. From the point of view of cytotoxicity, two-

tailed cationic lipids are usually preferable to the one-tailed cationic lipids (i.e., CPC and CTAB)

and cationic surfactants.
36.2.2 SURFACTANTS USED IN SLN

The main functions of surfactants in SLN are to disperse the melt lipid into aqueous phase in the

SLN preparation process and then to stabilize the nanoparticles after cooling. A surfactant molecule

has a hydrophilic head and lipophilic tail to reduce the surface tension between two phases. The

hydrophile–lipophile balance (HLB) value of surfactants represents the relative proportion of the

hydrophilic and lipophilic parts of the molecule.

As illustrated in Table 36.2, surfactants applied in SLN include four categories: anionic, e.g.,

sodium stearate and sodium dodecyl sulfate; cationic, dodecyltrimethyl ammonium bromide

(DTAB); non-ionic, e.g., members of the Pluronicsw or Tweensw family; and amphoteric, e.g.,

egg lecithin. In general, ionic surfactants employ the electrostatic approach, and non-ionic surfac-

tants rely on steric repulsion to stabilize particles. Among them, most non-ionic surfactants consist

of a hydrophobic moiety (i.e., hydrocarbon chain) and a hydrophilic part (i.e., ethylene oxide

group). Amphoteric surfactants possess both positively and negatively charged groups and

exhibit cationic surfactant’s feature at low pH and anionic at high pH.

Several factors should be considered when choosing surfactants for SLN preparation, namely

HLB value, route of administration, toxicity, and the effect on lipid modification and particle size.

Surfactants with HLB values in the range of 8–18 are suitable for the preparation of oil-in-water

dispersion. Non-ionic surfactants are preferred for oral and parenteral preparations over ionic ones

because of their lower toxicity and irritancy. In general, the order of the toxicity of surfactants is:

cationic O anionic O non-ionic O amphoteric.

One important factor in the choice of a surfactant for SLN should be considered: different

surfactants have variable influences on the in vivo biodegradation of the lipid matrix. For instance,

non-ionic surfactants are more effective for inhibiting the degradation of lipid matrix in vivo.
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Poly(ethylene oxide) (PEO) chains of non-ionic surfactants provided steric hindrance of the

anchoring of lipase/co-lipase complex. Therefore, in vivo degradation rate of SLN may be tailored

by adjusting the density of PEO chains on the particle surface. For SLN made of the same lipid but

different non-ionic surfactants, the inhibitory activity against lipid degradation is in the order:

cholic acid, sodium salt (NaCh) ! lipoid E80 ! Tweenw 80 ! poloxamer 407.25,40 Another

study shows that Dynasan 114-based SLN have the fastest degradation rate when stabilized by

lecithin and NaCh; intermediate rate using Tweenw 80; and the slowest rate using poloxamer 407.26

Mixing NaCh and poloxamer does not affect the degradation rate.

Finally, the choice of surfactants and co-surfactants also affects the particle size of SLN. SLN

made of the same lipids may have different sizes because of the use of different surfactants.25 Zhang et

al. prepared two types of long-circulating SLN using Brijw 78 or Pluronicw F68 as the surfactant, and

they found that different surfactants led to the SLNs with totally different particle size.46 Bocca et al.

showed that the average diameters of SLN systems produced by using glycocholate as the co-sur-

factant were larger than those using taurocholate.47 The authors attributed this phenomenon to the

difference in pKa values of the co-surfactants, i.e., 4.4 for glycocholate and 1.4 for taurocholate.

36.2.3 OTHER AGENTS USED IN SLN

In addition to lipids and surfactants (and sometimes co-surfactants), in some modified forms of

SLN, other agents may also be used. For example, for the encapsulation of cationic, water-soluble

compounds, a source of counterions is needed that includes organic anions and anionic polymers

(see Table 36.2).

SLN can also be surface-modified. When a drug carrier was coated with hydrophilic polymers

such as poloxamers, poloxamines, or poly(ethylene glycol) (PEG), this so-called stealth or long-

circulating carrier may reduce the capture by reticuloendothelial system (RES), and it stays longer

in systemic circulation.48,49 For a detailed description of the stealth technique, refer to other

chapters in the book that deal with long-circulating nanoplaforms. This technique has been

equally valuable to minimize clearance of SLN by phagocytosis.47 Because of the high surface

hydrophobicity of SLN, the hydrophilic coating agents are usually pre-conjugated to lipid moieties

to form amphiphilic molecules (see Table 36.2) so their attachment on to the particle surface can be

more secure. For the effects of SLN surface modification on the pharmacokinetics and biodistribu-

tion of anti-tumor agents, refer to Section 36.5.6.

36.2.4 TYPES, PROPOSED STRUCTURE, AND MORPHOLOGY OF SLN

The structure and morphology of SLN are affected by several factors such as the physicochemical

characteristics of the SLN ingredients and the production method adopted. To date, there has been

no concrete data revealing the detailed structure of SLN. Most SLN researchers believe that SLN

are probably spherical because a spherical subject has the smallest possible surface area-to-volume

ratio. This may minimize the surface tension between the lipids and the aqueous phase, thereby

leading to thermodynamic stability. Nevertheless, it should be noted that the platelet shape of SLN

and NLC was also claimed by some groups, and they have provided evidence as well.50,51

36.2.4.1 Classical SLN

Based on the difference of melting points (MP) between drug and lipid matrix together with the

consideration of the release kinetics of SLN, Mühlen et al. proposed three hypothetical models for

classical SLN: drug-enriched core, drug-enriched shell, and solid solution52 as illustrated in

Figure 36.1. Atomic force microscopy (AFM) and DSC studies of prednisolone-loaded SLN

showed that the particles had an inner crystalline core (hard) and an outside amorphous layer

(soft).53 The core-enriched model is based on the fact that the compound with a higher MP will

precipitate first during cooling. In contrast, if the drug has a lower MP than the lipid matrix,
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(d) (e)

(c)

FIGURE 36.1 Proposed structures of solid lipid nanoparticles (SLN): (a) drug-enriched core model; (b) drug-

enriched shell model; and (c) drug molecularly dispersed model. (Adopted from zur Mühlen, A., Schwarz, C.,

and Mehnert, W., Eur. J. Pharm. Biopharm., 45, 149–155, 1998.); and nanostructured lipid carrier (NLC): (d)

micro-compartment model; (e) liquid oil molecularly dispersed model.
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a drug-enriched shell model will fit the particles. If the drug has a similar MP to the lipid matrix, a

solid solution model will best describe the particle. Although there is no formal study on the

structure of LDC, it should be similar to classical SLN with the loaded drug evenly distributed

within the lipid matrix because they are directly bonded to the lipid molecules.

36.2.4.2 Nanostructured Lipid Carrier (NLC)

To overcome the difficulties of classical SLN, NLC was introduced. In this case, the lipid matrix is

composed of the binary mixture of a solid lipid and the medium chain triglycerides or liquid oil.

Based on the composition of the lipid matrix of NLC, Jenning et al. proposed two drug

incorporation models54 as demonstrated in Figure 36.1. In the first model, liquid oil is molecularly

dispersed within the solid lipid matrix when the concentration of the liquid oil is below its solubility

in the lipid. In the second model, liquid oil is distributed in the solid lipid in droplet form. Physically

separate phases (solid, liquid) coexist in this model.

36.2.4.3 Polymer–Lipid Hybrid Nanoparticles (PLN)

In order to deliver the hydrophilic drugs with a high drug loading capacity and simultaneously

control the release kinetics of SLN, a new variation of SLN, PLN was recently developed.55,56 The

schematic illustration of proposed the formation mechanism and structure of PLN is presented in

Figure 36.2. An ionic drug, e.g., doxorubicin HCl, forms complex with a counter ionic polymer,

e.g., dextran sulfate that then partitions into the lipid phase because of higher hydrophobicity,

enabling incorporation of water soluble drugs in the lipid nanoparticles. PLN have a spherical
+

+ lipid

Water-soluble
counter polymer

Water-soluble
ionic drug

Drug-polymer
complex

Drug-loaded polymer-lipid
Hybrid nanoparticles (PLN)

FIGURE 36.2 Proposed formation mechanism and structure of polymer–lipid hybrid nanoparticles (PLN).
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FIGURE 36.3 Transmission electron microscope (TEM) image of polymer–lipid hybrid nanoparticles (PLN)

loaded with doxorubicin. (From Wong et al., Pharm. Res., in press.)
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morphology as shown in Figure 36.3. Modest initial burst release and subsequent sustained release

profiles have been observed using this system. However, if the drug–polymer complex is uniformed

distributed in the solid lipid matrix as shown in Figure 36.2 or just attached to the surface of

particles needs further verification.

Li et al. applied differential scanning calorimetry (DSC) and powder x-ray diffraction (PXRD)

crystallography to examine crystallinity and crystal structures of PLN made of verapamil HCl,

dextran sulfate, and dodecanoic acid.35 The DSC and the PXRD results (Figure 36.4) showed that
In
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FIGURE 36.4 Overlaid powder x-ray diffraction crystallographs of (1) verapamil HCl (VRP); (2) dodecanoic

acid; (3) dextran sulfate sodium salt (DS); (4) physical mixture of verapamil HCl and dextran sulfate sodium

salt; (5) VRP–DS complex; and (6) VRP–DS complex incorporated dodecanoic acid. (From Li et al., Pharm.

Res., 2005.)
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the crystal structure of the lipid remained, but its melting temperature decreased a bit as the drug

became amorphous in the complex form. This finding suggests that the presence of drug–polymer

complex in PLN may be similar to the liquid oils that reduce the lipid crystallinity in NLC.

Nevertheless, the exact significance of the finding will require further investigations.
36.3 MANUFACTURING METHODS

Currently, many techniques are available for SLN preparation. These include high pressure hom-

ogenization,57 microemulsion,58 and solvent diffusion.59,60 The more commonly used methods will

be briefly described in this chapter. For detailed descriptions of SLN preparation, please refer to the

up-to-date reviews30,38,57–60 where the optimization of the processing variables is also discussed.
36.3.1 HIGH PRESSURE HOMOGENIZATION

High pressure homogenization methods include hot and cold approaches. The main advantages of

these methods include narrow size distribution of nanoparticle produced and the possibility of

scale-up production. The cold approach minimizes the exposure of drug to heat (although brief

period of heating is still required) and is more suitable for labile drugs sensitive to heating.

However, this approach requires more tedious steps, and it results in particles of more variable

sizes. The general scheme of high pressure homogenization method is shown in Figure 36.5 (hot

method) and Figure 36.6 (cold method).
36.3.2 MICROEMULSION

A warm microemulsion is prepared under stirring before it is dispersed in a large volume of cold

water at 2–48C. The typical volume ratio of emulsion to cold water is in the range of 1–20. The

procedure of microemulsion method for SLN preparation is illustrated in Figure 36.5.
Melt lipid and
disperse drug in lipid

Mix the molten lipid and
drug with hot surfactant

solution

High-speed stirring to
form coarse emulsion

High pressure homogenization
at a temperature above the M.P.

of lipid

Solid lipid nanoparticles

Cool down

Hot homogenization
method

Gentle stirring, high surfactant/
cosurfactant concentration leads

to microemulsion

Dispersing into excess
cold water under stirring

Microemulsion
method

FIGURE 36.5 Schematic procedures of hot homogenization and microemulsion for SLN production.
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Melt lipid, disperse
drug in lipid melt

Ground into fine powder
under liquid nitrogen

Dispering the lipid/drug powder
into a cold surfactant solution

High pressure homogenization at
low temperature

Solid lipid nanoparticles

Cold homogenization method

Cool to solidify lipid/drug mixture

High-speed stirring to
form coarse emulsion

FIGURE 36.6 Schematic procedure of cold homogenization for SLN production.
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Using this method, it is noted that the particle size, size distribution, and stability of SLN is

correlated with the properties of microemulsion such as the lipids and surfactants applied, the

concentration of surfactant, and the drug/lipid ratio.
Lipid and drug dissolved in water-immiscible
organic solvents, i.e., cyclohexane or toluene

Mix with the aqueous surfactant
solution

High-speed stirring to produce
coarse emulsion

Solid lipid nanoparticles

High pressure homogenization

Vacuum evaporation of organic solvents

Solvent evaporation method

FIGURE 36.7 Schematic procedure of solvent evaporation method for SLN production.
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Dispersing small amount of
hydrophilic drug solution

in molten lipid

Adding stabilizers

Primary w/o emulsion

Dispersing into a large volume of
aqueous phase containing stabilizers

under higher speed stirring

Solid lipid nanoparticles

Cooling down

Double emulsion method

FIGURE 36.8 Schematic procedure of w/o/w double emulsion method for SLN production.
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36.3.3 SOLVENT EVAPORATION

As demonstrated in Figure 36.7, the lipid is dissolved in water-immiscible organic solvent first, and

then the hydrophobic drug is added. Dispersing the drug–lipid–organic solvent mixture into an

aqueous solution of emulsifiers produces an o/w emulsion. SLN are obtained by removing the

organic solvent with evaporation under low pressure.

This method totally avoids heating. Its main disadvantage is the inclusion of organic solvent in

preparation. Residues of organic solvent may raise the bio-safety concern.

36.3.4 W/O/W DOUBLE EMULSION METHOD

This method is designated for the delivery of hydrophilic drugs by using SLN.61 Highly concen-

trated drug solution is dispersed into a lipid phase under vigorous stirring and stabilized by a

surfactant to form the primary w/o emulsion. The primary emulsion is subsequently dispersed

into a large volume of aqueous solution containing another kind of surfactant to form w/o/w

emulsion. The nanoparticles are obtained by ultrafiltration or solvent evaporation. The detailed

procedure is illustration in Figure 36.8.
36.4 CHARACTERISTIC PROPERTIES OF SLN

36.4.1 DRUG LOADING

For classical SLN, NLC, and PLN, the drug loading process involves partitioning and re-parti-

tioning of the drug between the lipid and aqueous phase during the heating and subsequent cooling

process. No covalent bonding or ionic bonding between the molecules of the drug and lipid occurs.

On the other hand, drug incorporation by LDC, another modified form of SLN, involves direct

covalent or ionic bonding of the drug molecules to the lipids.

Two models are currently proposed to describe how drug molecules are incorporated in SLN,

NLC, and PLN. In the first model, drug molecules are accommodated in the flaws of the lipid crystal

lattice. This model has been widely used to interpret the drug loading behaviors and the biphase
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Lipid
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FIGURE 36.9 Strategies to load cationic, water-soluble anti-tumor compounds into SLN-based systems. (1)

Ion-pair formation method; (2) lipid drug conjugate (LDC); and (3) polymer–lipid hybrid nanoparticles (PLN).
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release kinetics of SLN and NLC. In the second model, the physical and chemical compatibilities

(affinity, miscibility) between the drug–polymer complex and the solid lipid phase are used to

predict the drug loading by PLN.35

For water-soluble, ionic anti-tumor compounds, to allow their efficient encapsulation by SLN,

three possible strategies have so far been employed. These strategies include mixing the anti-tumor

compound with an organic salt carrying opposite charges and packaging the resulting ion-pairs into

lipids;62–65 complexing the ionic anti-tumor compound to lipids carrying opposite charges and

directly using the drug–lipid complexes for SLN preparation (i.e., LDC preparation); and

complexing the ionic anti-tumor compound to polymer molecules carrying opposite charges, i.e.,

polyelectrolytes and dispersing these drug–polymer complexes into lipids to form SLN (i.e., PLN

preparation). Figure 36.9 summarizes these three feasible strategies. These strategies are similar in

terms of their underlying principle—to neutralize the charge on the drug with a counter ion to

facilitate drug partitioning into the lipids.

When an organic salt or ionic polymer interacts with the drug molecules of opposite charge, the

resulting complex loses charges and gains in hydrophobicity that favors their incorporation into the

solid lipid matrix. The ionic molar ratio between the organic salt or polymer and the drug plays a

critical role in this process. By employing isothermal titration calorimetry in conjunction with

partition experiments, Li et al. found that at an equal ionic molar ratio of verapamil HCl (VRP)

to dextran sulfate (DS), the VRP-DS complex reached maximum hydrophobicity and partition in

the lipid phase.35
36.4.2 DRUG RELEASE

The release kinetics of SLN usually exhibit a biphasic feature: a strong initial burst release (usually

O 50% of the loaded drug in the first several minutes or hours) followed by a subsequent prolonged

release. It is a consensus that the release behavior of SLN is determined by the physicochemical

properties of the constituents and the morphology of SLN. By correlating the drug release kinetics

to the physicochemical properties of the drug and lipids, the hypothetical structures of SLN can be

deduced (as mentioned in Section 36.2.4.1). In general, sustained release profiles are correlated to

the drug-enriched core model, and both the drug-enriched shell model and the solid solution model

will have fast release kinetics.

High drug loading capacity can be achieved in NLC. However, the existence of the micro-

compartments of oil droplet in the solid lipid matrix may compromise the control over the release

kinetics. The control of release can be improved in the NLC model with liquid oil molecularly

dispersed in the solid lipid matrix.

In comparison to SLN and NLC, PLN offer an additional mechanism to regulate the drug release

kinetics. In addition to the regular diffusion control, the need for ion exchange between the drug–

polymer complex and the surrounding medium for the drug to be released may also be exploited for

better drug release control. The synergistic effect of both approaches will possibly lead to reduced
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initial burst release and a subsequent sustained release. Figure 36.10 presents representative release

profiles of PLN. Moderate initial releases (50% w/w of drug released in first few hours in both dextran

sulfate-based or HPESO-based PLN loaded with doxorubicin) were achieved when 0.05M CaCl2
was used as the release medium, and sustained releases were observed in the late phase of release.

36.4.3 STABILITY OF SLN

The practical usage of SLN depends on their long-term physical and chemical stability. Typically,

the shelf life of one viable formulation should be at least one year. The criteria for the assessment of

physical stability of SLN include average particle size, zeta potential, and drug leakage during

storage. For labile compounds, it is critical to evaluate their chemical stability as well.

The physicochemical properties of the materials used to prepare SLN such as the lipids, drugs,

and surfactants play a crucial role in determining the stability of SLN. Waxes usually lead to slower

particle growth and aggregation than glycerides.19 Glycerides that include a fraction of monogly-

cerides are usually more stable than those without (e.g., Dynasan 116 O Compritol 888 ATO O
Imwitor 900). Ionic surfactants often stabilize SLN better than non-ionic surfactants.

In addition to the physicochemical properties of the SLN material, the stability of SLN is also

strongly affected by the various processes the SLN subject to after their preparation. For instance,

sterilization is strictly needed for parenteral SLN formulation. When compared to most other drug

delivery systems, SLN are surprisingly stable when challenged by the harsh conditions

(compressed, saturated steam at 1218C) during autoclaving. Cavalli et al. found no significant

changes occurred for SLN in terms of the particle size, polydispersity (PI) index, and zeta potential

before and after sterilization.66 However, there are conflicting reports. Venkateswarlu et al.39

demonstrated an increase of SLN size almost 2–3-fold, a shift of zeta potential from positive to

negative, and a slight drop in drug loading after autoclaving of SLN. The differences between the

two cases are probably attributed to the different lipids, surfactants, and drugs used in their studies.

Lyophilization is another process that has a strong influence on the formulation stability.

Lyophilization, or freeze drying, is necessary to prevent SLN aggregation or hydrolysis in

aqueous medium. In general, carbohydrate cryoprotectants such as trehalose may stabilize a

SLN formulation during lyophilization.67 Proper freezing velocity and re-dispersion method

(e.g., sonication) are also required. It has been demonstrated that with the optimized parameters
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for lyophilization, the reconstituted SLN are feasible for i.v. injection;68 although, there are also

studies showing that some deterioration in the particle quality, particularly the particle size, may

occur.69 Even in these studies, the reconstituted SLN remained sufficiently small in size and stable

for oral administration.

During storage, the stability of SLN will also be affected by the energy introduced from outside

sources such as storage temperature, light, and packing materials.70 Strong light and high tempera-

ture will accelerate the decrease of the particles’ zeta potential and, in turn, induce particle

aggregation because colloids with zeta potential less negative than K15 mV are prone to aggrega-

tion. Some packing materials such as siliconized vials also exhibit statistically significant effects on

the particle size growth in comparison to that packed in untreated glass vials.

Most aforementioned stability data derive from non-biological studies. There have been more

in vivo SLN studies recently on this issue. This is important because the environment of the

systemic circulation is actually harsh on SLN. For example, the electrolytes in the plasma will

lead to the shrink of double layer, the rapid fall off of zeta potential, and the subsequent coagulation

of particles occurs.71 Particles may also grow in size and subsequently form semi-solid gels through

adding mono-, di-, and trivalent ions.72 In addition, the biodegradation of the lipid matrix caused by

enzymes in vivo will accelerate drug release from SLN and expose the agents to the various

degradative systems before they can reach the disease site. In brief, even when performing SLN

studies in vitro, it will be advisable to at least use media that simulate the composition of body fluids

such as Hanker’s buffer salt solution (HBSS) for the experimental works. This may help the

researchers to gain insight into the behaviors of SLN in vivo.

Finally, it must be re-emphasized that the various properties of SLN are strongly affected by the

occurrence of lipid polymorphism, and these include stability as well. During storage of SLN, drug

expulsion and subsequent drug leakage may occur as a result of lipid polymorphic transition,

causing re-distribution of drug molecules within particles. For details of polymorphism, refer to

Section 36.2.1. All in all, the factors that accelerate particle size growth as a result of the loss of

surface charge, including high storage temperature and strong light, will also speed up polymorphic

transition rate.
36.5 SLN FOR ANTI-TUMOR DRUG DELIVERY

36.5.1 CANCER CHEMOTHERAPY

Although hormonal therapy and immunotherapy are useful for certain types of cancer, chemotherapy

with cytotoxic drugs remains the most established and commonly used form of drug therapy. Some-

times, chemotherapy with cytotoxic drugs is the only treatment a patient receives. More often,

cytotoxic drugs are used in addition to other modalities (e.g., surgery, radiotherapy) to improve

their effectiveness and prevent cancer recurrence.73 Until recently, most of the SLN systems for

cancer treatment are designed for cytotoxic drug delivery. Therefore, unless otherwise specified, in

the following discussions the terms cytotoxic drug, anti-cancer drug and anti-tumor drug will be

interchangeably used, even though the latter two terms actually carry broader meaning.

Cytotoxic drugs treat cancers by preferentially causing death or arrest in growth of cancer cells.

However, their cytotoxicity is not highly specific for cancer cells. The healthy cells, especially

those rapidly dividing, almost inevitably suffer from the chemotherapeutic treatment as well.74 The

major goal in cancer chemotherapy is, therefore, to achieve reasonably high drug concentration for

effective cancer cell kill without causing strong toxicity. In addition, clinical resistance to

chemotherapy drug therapy often occurs in cancer management.75 One prominent form of drug

resistance is related to the expression of ATP-dependent membrane-associated drug transporters in

cancer cells. Cells with over expression of these drug transporters are resistant to a broad range of

structurally diverse anti-cancer compounds, a phenotype often referred to as multi-drug resistance
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(MDR).75,76 Cytotoxic drugs can be actively transported out of the cancer cells by these transpor-

ters, rendering the chemotherapy ineffective even when an adequate dose of drug is administered.
36.5.2 DELIVERY OF CYTOTOXIC COMPOUNDS USING SLN

SLN have been quickly gaining ground as a carrier of anti-tumor drugs.10,11,55,62,77–90 Some of

these SLN systems have been evaluated for their anti-tumor activities, stabilities, and/or biodis-

tribution in biological systems such as cultured cell lines and animal models. These systems and
TABLE 36.4
SLN Formulations Used for Delivery of Drugs with Anti-Cancer Properties and a Brief

Summary of Their Works

Focus of Studies

Drugs Groupsa F/Cb In Vitro In Vivo P/Bc Stealth Comments/References

Poorly Water-Soluble

Camptotecan Yang Y Y(mice) Stability study/91,92

Cholesteryl

butyrate

Serpe73 Y In colon cancer cell

line/73

Etoposide Murthy Y Y Routes of admin

compared/93

Irinotecan Unger Y Y Y SN38, irinotecan prodrug

used, stability

studied/94,95

Paclitaxel Gasco Y

Lee Y Y Y Paclitaxel prodrug

used/97

Muller Y 98

Serpe Y In HT28 colon cancer

cell line/73

Zhang Y Y(mice) 2 formulations using

different surfactants

compared/99

Retinoic acid Kim Y In various human cancer

cell lines/90

Ionic, water-soluble

Idarubicin Gasco Y Y (rabbit) Duodenal route/101

Doxorubicin Gasco Y Y (rat),

(rabbit)

Y 8,100,102

Serpe Y In colon cancer cell

line/73

Wu Y Y In MDR breast cancer

cells, cytotoxic-

chemosensitizer

combination/10,60

Non-ionic, water-soluble

5-Flurouracil Wang Y Y(mice) FudR, derivative of

5-fluouracil used/103

a According to corresponding author.
b F/C- formulation and characterization.
c P/B Pharmacokinetics and/or biodistribution studies presented—pharmacokinetics.
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related work are listed in Table 36.4. To this point, studies of SLN systems have demonstrated the

following properties of SLN that are desirable for anti-tumor drug delivery:

1. Versatility and modifiability of the carrier that allow encapsulation of cytotoxic agents of

vastly diverse physicochemical properties;

2. Improved anti-cancer drug stability;

3. Capability to load more than one drug in one carrier system that opens up the possibility

of a drug combination delivery (e.g., a cytotoxic agent and a chemosensitizer);

4. Improved in vitro cytotoxicity against cancer cells, including those normally refractory

to chemotherapy;

5. Enhanced drug efficacy in animal models; and

6. Improved pharmacokinetics and in vivo drug distribution.

In the following sections, the use of properties (1) and (2) by SLN for lipophilic anti-tumor drug

delivery will be jointly discussed in Section 36.5.2.1, and Section 36.5.2.2 through 36.5.2.5 will

focus on properties (3) to (6), respectively.

Anti-tumor drugs can be categorized based on their solubility properties. In general, the

majority of anti-tumor agents, particularly the cytotoxic compounds, are fairly lipophilic and

poorly water-soluble.91 There are several exceptions. Some anti-tumor drugs are water-soluble

because their molecules are small and contain multiple hydrophilic groups. Examples of these

water-soluble drugs include 5-fluorouracil (5-FU) (Figure 36.11a, MW Z130.1) and mito-

mycin-C (MW Z334.3). In addition, there are some lipophilic anti-tumor molecules that can be

converted into water-soluble, ionic salts because of their ionizable basic functional groups. These

salts are much more commonly used in clinical settings than their corresponding water-insoluble

free bases because they can be conveniently dissolved and administered using standard aqueous

diluents such as 5% dextrose and 0.9% saline. For example, the hydrochloride salts of anthracy-

clines, e.g., doxorubicin and idarubicin (Figure 36.11b), and sulfates of alkaloids, e.g., vincristine

and vinblastine, are all commercially available and frequently used in cancer chemotherapy.

As previously discussed, the efficiency and extent of drug incorporation into SLN are strongly

influenced by the partition behavior of the drug in a lipid–water two-phase system. The lipophilic,

uncharged anti-tumor drugs may be encapsulated with relative ease using classical SLN preparation

methods. The other two classes (uncharged, hydrophilic compounds and charged, lipophilic

compounds) of water-soluble anti-tumor agents, on the other hand, require new strategies to

enhance their incorporation into SLN. Means to control the release rates of these compounds
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(b) Doxorubicin /Idarubicin(a) 5-fluorouracil

FIGURE 36.11 Examples of the molecular structures of two different types of water-soluble anti-cancer

compounds. (a) 5-fluorouracil (5-FU); and (b) doxorubicin (R1ZOCH3, R2ZCH2OH) or idarubicin (R1Z
H, R2ZCH3). * Basic amine group that is protonated when forming the water-soluble hydrochloride salt of

doxorubicin or idarubicin.
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from SLN are also necessary because they may rapidly diffuse from the drug carriers into the

surrounding aqueous medium.

36.5.3 POORLY WATER-SOLUBLE COMPOUNDS

36.5.3.1 General Principle

There have been several SLN systems successfully formulated for encapsulation of poorly water-

soluble anti-tumor compounds. These include camptothecin-based topoisomerase I inhibitors,

including camptothecin and irinotecan and their prodrugs; taxanes, mainly paclitaxel; and other

lipophilic compounds with anti-tumor properties. In general, these poorly water-soluble

compounds partition reasonably well in the lipid phase and can be efficiently encapsulated by

the conventional SLN without much nanoparticle modifications required. These agents, however,

carry other problems such as poor stability and likelihood of precipitation. In fact, each group of the

compounds has its specific problems to be solved before they can be properly delivered using SLN.

36.5.3.2 Topoisomerase I Inhibitors (Camptothecin, Irinothecan)

Camptothecin is a plant alkaloidal compound extracted from Camptotheca acuminata.92 It serves as

the prototype compound of a relatively new class of anti-tumor agents known as topoisomerase I

inhibitors (e.g., irinotecan, topotecan). The molecules of camptothecin and its related compounds

all possess extensive aromatic structures and are quite lipophilic (Figure 36.12a).93 The anti-tumor

activity of camptothecin is strongly correlated to the functionality of the lactone ring of the drug

molecule. However, in an aqueous environment, particularly at basic pH, this lactone ring is

vulnerable to hydrolysis, leading to the formation of therapeutically inactive carboxylate. The

poor water solubility and chemical stability of this drug has seriously diminished its practical

value. These two shortcomings can both be overcome by the use of SLN for their capabilities to

efficiently load lipophilic compounds and provide a lipid environment to prevent hydrolytic

degradation. Yang et al.79 described a SLN system for camptothecin delivery. A very high encap-

sulation efficiency (99.6%) of camptothecin was achieved. The same study also showed that the

drug mostly remained in its active lactone form until it was released, confirming the protective

effect of SLN against hydrolytic degradation.

Irinotecan (or Camptosar or CPT-11) is a newer member in the topoisomerase I inhibitor

family. It is relatively hydrophilic and stable compared to camptothecin and has been put to clinical

use for colon cancer chemotherapy. However, compared to its parent drug SN-38 (Figure 36.12b),

the anti-tumor activity of irinotecan is nearly a thousand-fold weaker.94 SN-38 is prevented from

being put to clinical use mainly because of its extreme hydrophobicity. Moreover, hydrolytic

opening of the labile lactone ring of SN-38 and irinotecan is still possible, though less likely. To
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FIGURE 36.12 Molecular structures of two topoisomerase I inhibitors. (a) The hydrolytic degradation of

camptothecin from its active lactone form (left) to its inactive carboxylate form (right). (b) SN-38, a more

potent lipophilic parent drug of irinotecan.
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improve its water solubility and chemical stability, SLN formulation of SN-38 was prepared.81 The

concentrations of SN-38 in the SLN formulation reached as high as 1.0 mg/ml. The lactone ring

stability of the compound was also improved. After 3 h incubation in human serum albumin, the

lactone concentration in SN-38 loaded-SLN remained 80%. This was superior to the retentions of

only 40% lactone for unformulated SN-38 and irinotecan and even more so when compared to free

camptothecin that lost more than 95% of its active lactone form in 90 min.

In brief, SLN are a useful drug carrier for camptothecin-based anti-tumor compounds. Both of

the studies mentioned above have demonstrated the value of SLN for drug solubilization and

preservation of drug stability.
36.5.3.3 Paclitaxel

Paclitaxel (Taxol) is an anti-microtubule agent with broad spectrum anti-tumor activities. It is

gaining popularity among oncologists for its effectiveness against several types of malignancies,

even when used alone.95 Paclitaxel is a poorly water-soluble drug. At present, it is commercially

available as a non-aqueous micellar solution containing a polyoxyethylated castor oil Cremophor

EL and 49.7% dehydrated ethanol. Cremophor EL is known to cause serious hypersensitivity

reactions and nephrotoxicity in human subjects.96 In order to solubilize paclitaxel without the

need for Cremophor EL, a few SLN formulations have been developed and studied.62,82–86 In

general, the drug loading in these SLN formulations ranged from 2 to 5%. In these SLN formu-

lations, surfactants or stabilizers such as Pluronicw F68 (i.e., poloxamer 188), Brij-78, and

phosphatidylcholine were used. In comparison to Cremophor EL, all of these excipients are

commonly included in parenteral formulations with better track records of safety.

Another major issue associated with the conventional paclitaxel formulation is its poor physical

stability. Paclitaxel is routinely diluted to a concentration of 0.6–1.2 mg/ml with saline or dextrose

for clinical use. The dilution can destabilize the formulation and drug precipitation frequently

occurs, necessitating filtration of the drug solution prior to administration. This extra step adds

to the labor cost and may affect the drug concentration. This problem is apparently not found in

paclitaxel-SLN formulations. In one of these studies,62 the SLN formulation of paclitaxel was even

diluted to nanomolar range using cell culture medium for in vitro cytotoxicity evaluation. There

was no report of drug precipitation.

Drug precipitation also happens when paclitaxel is too quickly discharged from a carrier system

and the concentration of the released drug exceeds the saturation point. One solution is to limit the

rate of drug release. As demonstrated in the paclitaxel-loaded SLN system by Cavelli et al.,82 no

drug precipitation was observed because only 0.1% of paclitaxel was released in pseudo-first order

in 2 h.

Besides SLN, researchers have also successfully encapsulated paclitaxel in other drug delivery

systems, particularly those that are lipid emulsion based.97–99 However, all of these formulations

are prone to drug precipitation during storage. It is believed that paclitaxel has limited solubility in

lipid as well, and the limited solubilities of paclitaxel in both aqueous and lipid phases leads to the

strong tendency of drug precipitation when the formulations are stored for a long term. Stevens

et al.84 described the use of a lipophilic paclitaxel prodrug (paclitaxel-2 0-carbonyl-cholesterol) to

overcome this difficulty. Despite the strong lipophilicity of the prodrug, this group was able to

demonstrate over 10% of drug release into bovine serum albumin in a relatively linear fashion

within 2 h. In addition, even without resorting to the use of prodrug, Cavalli et al. showed that their

formulation containing the unaltered paclitaxel was autoclavable at 1218C without a significant

reduction in the amount of the incorporated drug.82 The same formulation was also stable for over

18 months after lyophilization, and the lyophilized nanoparticles appeared easily dispersable when

cryoprotectant (2% trehalose) was added.

Therefore, the main shortcomings of paclitaxel, including a high risk of hypersensitivity and

frequent drug precipitation, are correctable using SLN. A number of new, more cancer-type-
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specific paclitaxel analogs have been synthesized in the past decade.100,101 It will be interesting to

see if SLN are equally useful for these compounds.
36.5.3.4 Other Poorly Water-Soluble Anti-Tumor Compounds (Etoposide,
All-Trans Retinoic Acid, Butyric Acid)

Etoposide, all-trans retinoic acid (ATRA), and butyric acid are all lipophilic molecules that have

anti-tumor properties. Out of these three compounds, etoposide (Vepesid, VP-16) has the longest

history in cancer chemotherapy and is still in clinical use for the treatment of several forms of

cancer. Etoposide is a plant alkaloid. It inhibits topoisomerase II and produces reactive derivatives

that can lead to DNA strand break.102 This drug was successfully encapsulated in SLN made of

tripalmitin.80 The authors quoted that the particles were stable after four months of preparation with

excellent redispersibility. However, probably because the focus of that study was on the evaluation

of drug biodistribution and in vivo anti-tumor efficacy, few details in this area was revealed. The

SLN system demonstrated an excellent encapsulation efficiency of 98.96% with 4% payload of

etoposide obtained.

Both ATRA and butyric acid remained at the experimental stage in terms of cancer therapy.

ATRA is well documented for its chemical instability.103 It is sensitive to heat, light, and oxidation,

and it may isomerize into isotretinoin or be oxidized to form inactive products such as all-trans-4-

oxo. This compound should be well incorporated into SLN for its high lipophilicity; although, in the

only SLN system documented, the drug payload attempted was merely 2.5 mg ATRA per g of SLN

powder.77 The chemical stability of ATRA in SLN during storage was evaluated. More than 90% of

the encapsulated drug remained intact after one month of storage at 48C versus less than 60% when

the drug was stored in the forms of methanol sol ution or Tween 80 solution under the same

conditions. Butyric acid is a short chain fatty acid that shows in vitro inhibitory effect against

colon cancer cell growth. However, its in vivo activity is very low because of its rapid metab-

olism.99 It was believed that by using its prodrug cholesteryl butyrate and by delivering this prodrug

using SLN, the anti-tumor activity could be preserved. The prodrug was successfully loaded in

SLN, and the prodrug demonstrated good in vitro activity.62,104,105 Although the in vivo activity has

not yet been confirmed, the studies provided another example of the value of SLN to protect a

labile chemical.

36.5.4 WATER-SOLUBLE IONIC SALTS

36.5.4.1 General Principle

The anti-tumor drug salts typically have lipophilic molecular structures. The main obstacle against

these salts from efficient loading into SLN is their ionic charges. For details of the drug loading

mechanism of this class of compounds into SLN-based systems, refer to Section 36.4.1. In essence,

it is about neutralizing the charge on the ionic drug salt with a counter ion. It may be argued that

these extra steps can simply be avoided by using the free bases of these agents. However, the use of

free base compounds will essentially lead to the same scenario described previously in Section

36.5.1.1. These poorly water-soluble free base compounds will likely be very slowly released, and

the released drug concentrations will not be as high as compared to when the salt forms are used.

The free base compounds may also require dissolution in organic solvents first during the prep-

aration process to allow even mixing with the lipids. In general, it is preferable to use the water-

soluble salt of an anti-tumor drug for SLN formulation whenever it is available.

36.5.4.2 Doxorubicin and Idarubicin

Although there are quite a few anti-tumor drugs available in ionic salt forms for improved water

solubility, only two of the anthracyclines have been studied for delivery by SLN-based
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formulations. These include doxorubicin and idarubicin. These two compounds are similar in

structures except that doxorubicin is more hydrophilic because of the presence of additional

polar substituent groups (Figure 36.11b). Each of these two drug molecules carry an amine

group and can be converted into hydrochloride salts. To facilitate the loading of these salts into

SLN, they need to be made lipid-soluble based on one of the above-mentioned strategies. Currently,

there is still no LDC system designed for anti-tumor drug delivery. The other two strategies

described in Section 36.4.1 (ion-pair, PLN) have both been used and tested.

Gasco’s group used decyl phosphate or hexadecyl phosphate to form ion pairs with doxorubicin

hydrochloride and idarubicin hydrochloride to enhance their loading of into SLN made of stearic

acid and egg lecithin.87 The ion pair formation resulted in increases in lipophilicity as defined by

apparent partition coefficients between water and stearic acid at 708C by more than 1000-fold for

doxorubicin and more than 300-fold for idarubicin. SLN prepared using these lipophilic ion pairs

carried payloads of doxorubicin and idarubicin up to 7% and 8.4%, respectively. Probably because

of the high lipophilicity, the drug also released very slowly. For both drugs, less than 0.1% drug was

released after 2 h. With these release rates, there lies a theoretical risk that only the cancer cells in

physical contacts with the SLN may be exposed to sufficiently high drug concentrations and

properly treated. In addition, as demonstrated in several studies, chronic exposure to sub-lethal

concentrations of cytotoxic drugs can induce expression of Pgp.106 Cancer cells that are farther

away from the SLN could possibly develop resistance to the future chemotherapeutic treatment.

Another feasible approach to encapsulate anthracycline salts is to prepare PLN instead. With

the inclusion of dextran sulfate to provide counterions, PLN of doxorubicin hydrochloride were

successfully prepared.55 The encapsulation efficiency of doxorubicin in the PLN, depending on the

drug payload, was generally over 70% in the presence of dextran sulfate versus approximately 40%

in its absence. More recently, another doxorubicin-loaded PLN formulation that used a more

lipophilic HPESO polymer (hydrolyzed and polymerized epoxidized soybean oil) was formu-

lated.10 Payload over 6% was achieved. The drug releases from both PLN formulations were

fast compared to ion pair-based SLN (see Figure 36.10). The lower drug encapsulation efficiency

and faster drug release compared to the ion pair-based SLN indicate that unlike ion pair formation,

the drug–polymer complexation probably does not completely neutralize all of the charges on the

polymer molecules. These residual charges might help draw the water molecules into the lipid

matrix to accelerate its disintegration, and they may lead to faster and more complete drug release

from the nanoparticles. If this will lead to more effective cancer therapy still requires

further investigations.
36.5.4.3 Water-Soluble, Non-Ionic Drug Molecule

36.5.4.3.1 General Principle

All of the strategies mentioned in Section 36.4.1 rely on neutralization of the charge on the drug

molecules. For small, non-ionic hydrophilic molecules, these strategies cannot be applied. In fact,

researchers have already encountered similar technical challenges in the formulation of SLN for the

treatment of non-cancer diseases. For instance, 3 0azido-3 0deoxythymidine (AZT) is a non-ionic

antiviral drug with low molecular weight (MWZ267.24). This drug is too water soluble to be

formulated into SLN. One way to overcome this difficulty is to prepare a lipophilic drug derivative.

In the case of AZT, researchers conjugated a palmitate group to the AZT molecule, and the drug

loading was shown as significantly improved subsequent to the increased lipophilicity.107

Hydrophilic cytotoxic compounds are relatively few. Both 5-FU and mitomycin-C fall into this

category. Cisplatin and its analog carboplatin can also be considered as water-soluble small drugs.

Until recently, only 5-FU has been attempted for SLN encapsulation.
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36.5.4.3.2 Fluorouracil

The drug-derivatization strategy was adopted for SLN encapsulation of 5-FU. The water solubility

of 5-FU is 12.2 mg/ml that makes it very difficult to be loaded in SLN. Wang et al. reduced the

water solubility by conjugating two octanoyl groups to the 5-FU molecule,90 resulting in

3 0,5 0-dioctanoyl-5-fluoro-2 0-deoxyuridine (FuDR). This lipophilic drug derivative could be

loaded into SLN with an encapsulation efficiency at over 90%. This strategy, however, requires

tedious procedures of chemical synthesis. The chemical purity and identity of the final product have

to be confirmed, and the toxicity and efficacy of the derivative also needs to be evaluated. All these

steps demand substantial amounts of work. Drugs like 5-FU can be easily diluted and administered

without the concern for drug precipitation such as in the cases of the lipophilic compounds, this

probably provides very little motivation for the researchers to go through all these tedious

procedures. However, one must keep in mind that SLN provide more than just drug solubilization

and stabilization. They also allow controlled release, and they possibly improve the anti-tumor

activities, side effect profiles, and biodistribution patterns of the loaded drugs. Successful develop-

ment of SLN formulations for this class of anti-tumor drugs can still be rewarding.
36.5.4.3.3 Overall Remarks on Cytotoxic Drug Delivery

Cytotoxic anti-tumor drugs are a class of compounds well known for their heterogeneity in terms of

molecular structures and physicochemical properties. Although a number of strategies have been

devised to allow encapsulation of water-soluble salts of cytotoxic compounds, so far, only two

anthracyclines have been successfully encapsulated. It is obvious that there is more to explore in

this area. For low molecular weight and neutral water-soluble compounds, the major limitation of

SLN—inefficient loading of hydrophilic molecules—is still a concern. Until recently, only limited

efforts using the drug-derivatization strategy have been implemented. The various strategies that

may be suitable for encapsulation of the different classes of cytotoxic compounds by SLN are

summarized in Table 36.5. Some of the newer SLN-based systems have not been tested for their use

for anti-tumor drug delivery (e.g., NLC and LDC), but based on their general properties, it is

expected that they should be able to adequately handle the suggested drug types. It is expected

that even more well-designed systems will be developed in the near future to allow more specific

and efficient cytotoxic drug delivery.
TABLE 36.5
A Summary of the Possible SLN-Based Systems Currently Available That Can Be Used for

the Delivery of Cytotoxic Drugs and Chemosensitizers

Drug Physicochemical Properties Possible Systems

Cytotoxic drugs Lipophilic, water-insoluble molecules SLN, NLC

Water-soluble, ionic salts Ion-pair-SLN, LDC, PLN

Water-soluble, hydrophilic small molecules SLN or NLC with lipophilic drug derivative

Chemosensitizers Lipophilic, amphiphilic molecules in salt

forms

SLN, NLC similar to cytotoxic drugs

SLN, classical SLN and microemulsion-based SLN; LD, lipid-drug conjugate lipid nanoparticles; PLN, polymer lipid hybrid

nanoparticles.
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36.5.5 DELIVERY OF CHEMOSENSITIZING AGENTS USING SLN

36.5.5.1 Multidrug Resistance and Chemosensitizers

As previously mentioned, MDR phenotype in cancer cells presents a significant obstacle to anti-

tumor therapy at a cellular level. MDR was demonstrated when tumor cells that have been exposed

to one cytotoxic agent develop cross resistance to a broad range of structurally and functionally

unrelated compounds.108 The cytotoxic drugs that are most frequently associated with MDR are

typically hydrophobic, amphipathic products, including vinca alkaloids (vincristine, vinblastine),

taxanes (paclitaxel, docetaxel), epipodophyllotoxins (etoposide, teniposide), anthracyclines (doxor-

ubicin, daunorubicin, epirubicin), topotecan, and mitomycin C.109,110

MDR mediated by membrane-bound drug efflux transporters such as P-glycoprotein (Pgp) is

probably the most studied form of drug resistance.76,111 If MDR as a result of Pgp expression could

be reduced, it would possibly increase the success rate of cancer chemotherapy. One approach is to

use chemicals with Pgp modulatory activity to restore the drug sensitivity of cancer-demonstrating

MDR. These agents, including verapamil, cyclosporin A, quinidine, tamoxifen, and several calmo-

dulin antagonists, were identified in the 1980s,110 and they were often referred as chemosensitizers

or multi-drug resistance reversal agents. Newer and more potent analogs of the older chemosensi-

tizers, including Valspodar (PSC833), Biricodar, and later, the more Pgp-specific synthetic

compounds such as XR9576,112 LY335979,113 and Elacridar (GG918/GF120918)114 were

successively developed.
36.5.5.2 Rationales for Delivery of Chemosensitizers Using SLN

When tested in clinical settings, the earlier chemosensitizers often produced disappointing results,

primarily because of their low affinities for Pgp. High doses of these agents are required to achieve

the desired chemosensitizing effect, and this results in unacceptable toxicity115 Many of these

chemosensitizers are also substrates for other enzymes and transporters. This further leads to

unpredictable pharmacokinetic interactions when used with other anti-tumor agents. Although

the recently developed chemosensitizers are more potent, less toxic, and more Pgp-specific, phar-

macokinetic interactions still occur115–117 even when the newest agents such as GG918 were

chosen.118

Like most Pgp substrates, chemosensitizers are usually hydrophobic molecules. Many chemo-

sensitizers also carry basic, ionizable groups like doxorubicin. Figure 36.13a and Figure 36.13b

show the molecular structures of two examples of chemosensitizers. These properties allow them to

be incorporated into SLN at high efficiency. By delivering chemosensitizers using SLN, it is hoped
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FIGURE 36.13 Examples of molecular structures of two chemosensitizers. (a) Verapamil; and (b) GG918.

* Basic amine group that is ionizable by protonation.
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that the risk of pharmacokinetic drug interactions will be further minimized. Moreover, even

without any surface-modifications, SLN are able to improve tumoral drug concentration (to be

discussed later), so the chemosensitizing effects could potentially be improved, and the non-cellular

drug resistance that is contributed by subtherapeutic tumoral drug concentration may also

be alleviated.
36.5.5.3 Current Use of SLN for Chemosensitizer Delivery

So far, only a handful of chemosensitizers have been encapsulated by SLN. These include cyclos-

porin-A, verapamil, quinidine, and GG918. The cyclosporin-A SLN formulation was actually

intended for immunomodulation, the official indication of cyclosporin-A, rather than for drug

resistance reversal.119 The discussion will, therefore, be focused on the other three compounds.
36.5.5.3.1 Verapamil and Quinidine

Verapamil and quinidine are both lipophilic molecules commonly available in ionic salt forms

(verapamil hydrochloride and quinidine sulfate) that can both partition into a lipophilic phase when

complexed to an anionic polymer. It was determined that the encapsulation efficiencies of the salts

of verapamil and quinidine in lipid nanoparticles were improved from 19.6 to 69.3% and 29.5 to

58.3%, respectively, when dextran sulfate was co-loaded to form PLN.55 When verapamil and

quinidine were simultaneously loaded, those encapsulation efficiencies slightly dropped to 50.3%

and 55.8%, still significantly higher than without the addition of an anionic polymer. The drug

release rates of both drugs from the dual-loaded PLN system were similar to when the drugs were

separately loaded. The study shows that it is possible to simultaneously load and deliver two

chemosensitizers by PLN with only marginal interferences between each other. This could be

therapeutically valuable as it was reported that combinations of two chemosensitizers, even both

at suboptimal concentrations, were able to achieve synergistic or additive effect to overcome MDR

because of Pgp-over expression.120

PLN dual-loaded with verapamil and doxorubicin were also evaluated.55 The drug loading

properties and drug release kinetics of the dual-loaded system was similar to the single-drug

systems. Nevertheless, the systemic cytotoxicity of verapamil is very high (LD50Z163 mg/g in

mice). Considering this drug requires a concentration in the range of mM to mM to be effective for

multidrug resistance (MDR) reversal,121 there is too much risk to put it in clinical use even it is in

encapsulated form. The study, however, reveals the possibility of using SLN-based system for

multiple drug delivery that is critical in terms of cancer chemotherapy as drug combinations are

typically used.
36.5.5.3.2 Elacridar (GG918)

GG918 has strong inhibitory activity on Pgp and breast cancer resistance protein,122,123 two trans-

porters that can contribute to cellular drug resistance. It is more potent and safer than

verapamil.124,125 The use of SLN for simultaneous delivery of GG918 and doxorubicin is still at

experimental stage.126 It was reported that the two drugs could be efficiently loaded in the same

PLN formulation (co-loaded with HPESO polymer), and the resulting dual-drug system is effective

against Pgp-over expressing cancer cell lines. It is noteworthy that the dual-drug system was also

significantly more effective than when the two drugs were both in solution form or both in separate

single-drug PLN systems. In initial results,126 the anti-tumor effects of various formulations and

their combinations were as follows:

doxorubicin/GG918-PLN O free doxorubicin/GG918 in solution O doxorubicin-PLN C GG918

solution z doxorubicin solution C GG918-PLN O doxorubicin-PLN C GG918-PLN (a mixture of

two single-drug PLN)
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In other words, synergistic effect in drug-resistant cancers may be achieved using this type of

dual-drug SLN (or PLN) system. The drug combination appears to require proper spatial distri-

butions to optimally function. When the two drugs are separately encapsulated, the synergistic

effect is lost. These findings have laid the foundation for using SLN-based system for combina-

tional drug chemotherapy.
36.5.5.3.3 Overall Remarks on Chemosensitizer Delivery

The study of SLN systems for the delivery of chemosensitizers is still in its infancy. Only limited

information in this field has been revealed thus far. Given the good lipophilicities of chemosensi-

tizers in general, it is not surprising to see that the few chemosensitizers studied until now are well

incorporated in PLN. It is expected that other free-base chemosensitizers can be loaded into even

unmodified, classical SLN (See Table 36.5). Formulation of PLN dual-loaded with two chemo-

sensitizers or a chemosensitizer/cytotoxic agent combination was also shown to be possible. This,

once again, demonstrates the versatility of SLN-based delivery systems.
36.5.6 EFFECT OF SLN FORMULATION ON IN VITRO ANTI-TUMOR TOXICITY

The primary goals of cytotoxic drug therapy are to kill as many cancer cells as possible and to

prevent their proliferation. Therefore, it is important to ensure that the drug released from a SLN

system preserves its cytotoxicity, and the drug delivered by SLN is at least as cytotoxic to cancer

cells as the conventional free drug solution. These two issues appear identical but are, in fact, quite

different. Drug releases from SLN are rarely 100% complete. In fact, in many SLN formulations to

be discussed later, only fractions of the loaded anti-tumor drugs are releasable. However, these

formulations all demonstrated cancer cytotoxicity comparable or even superior to the corre-

sponding free drugs. These findings suggest that, in addition to simply unloading the drug

outside the cancer cells and killing the cells with this fraction of free, released drug, the portion

of drug that remains associated with the SLN is still cytotoxic to various extents. SLN quite

possibly have additional mechanisms to deliver this unreleased drug to achieve cancer cell kill

or growth suppression. It is important to evaluate the cytotoxicity of a drug-loaded SLN formu-

lation as an integral unit and, whenever possible, to also investigate the underlying cytotoxicity

mechanisms that derive from the use of SLN.

Only until recently, a limited number of in vitro cytotoxicity studies on anti-tumor drug-loaded

SLN have been conducted. Miglietta et al. performed trypan blue exclusion assays on breast cancer

cell line MCF-7 and leukemia cell lines (HL60) treated with SLN incorporating doxorubicin or

paclitaxel for 72 h.83 The results of the assays demonstrated improved cytotoxicity with both

formulations compared to the corresponding free drugs. A similar study using the same method-

ology was later carried out to evaluate the cytotoxicity of SLN formulations carrying doxorubicin,

paclitaxel, or cholesteryl butyrate on a colorectal cancer cell line HT-28.62 SLN of doxorubicin and

cholesteryl butyrate were both significantly more cytotoxic than the corresponding free drugs as

indicated by the lower drug concentrations needed for the SLN to achieve 50% cell non-viability

(IC50 of SLN versus solution: doxorubicin: 81.87 nM versus 126.57 nM, butyrate: 0.3 mM versus

O 0.6 mM;). Paclitaxel SLN were similarly cytotoxic compared to the drug solution. This was

possibly caused by the extremely slow release of paclitaxel from the SLN.82

One interesting finding in Serpe et al.’s study is about the combination use of anti-tumor

drugs.62 The authors reported that the combination of low concentrations of cholesteryl butyrate-

loaded SLN and doxorubicin or paclitaxel in solution exerted synergistic reduction in cancer cell

viability, whereas no such reduction was demonstrated using the same combinations of drugs both

as solution. Although the cytotoxicities appear low and only trypan blue exclusion assays were

employed, the findings nonetheless support the possibility that combination drug therapy involving

SLN formulations could be more effective than the conventional free drug treatment.
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Some nanoparticle systems and liposomal formulations have been shown to be effective against

cancer cells with MDR phenotype.127–130 These systems were all made of lipids or lipophilic

substances, and many of them were coated with non-ionic surfactants. Also with lipid-based

formulations that often use non-ionic surfactants, it is reasonable to expect MDR reversal activities

in at least some SLN systems. In the aforementioned studies, even though HL-60 and HT-28 cell

lines are not specifically drug-resistant cell lines, they are moderately refractory to doxorubicin, and

the SLN formulations were still able to effectively treat them. In another study, PLN dispersed

using Pluronic F68, a non-ionic block co-polymer, were able to enhance the cytotoxicity of doxor-

ubicin in Pgp-over expressing breast cancer cell line MDA435/LCC6/MDR1.10 Doxorubicin-

loaded PLN also led to significantly stronger reductions in cell viability in trypan blue exclusion

assays than free doxorubicin. In addition, the use of clonogenic assays, a more sensitive method to

evaluate the effectiveness of cancer proliferation suppression, showed a larger than 8-fold increase

in the anti-tumor activity using PLN formulation compared to free doxorubicin (Figure 36.14). It is

interesting to observe that blank particles did not enhance the anti-tumor activity of doxorubicin

solution, and doxorubicin–polymer (Dox–HPESO) was not more effective than free doxorubicin.

The findings of this study further reveal the potential of SLN for drug-resistant cancer treatment,

and they support the earlier claim that encapsulated cytotoxic compound is still effective. In fact, a

cytotoxic compound may need to be encapsulated to achieve that enhanced activity in drug-

resistant cancer.

Initial work has been undertaken to delineate the underlying MDR reversal mechanisms by

SLN.11 Increased drug uptake and more noticeably, prolonged drug retention, were observed when

doxorubicin-loaded PLN were used instead of free drug. This was further supported by fluorescence

microscope images.11 In Figure 36.15, cancer cells were treated for 2 h and re-incubated in fresh

medium for an additional 2 h. A high level of doxorubicin that has fluorescent property was

intracellularly detected when the drug was delivered in form of PLN. Another fluorescence

microscopy study also revealed that lipids were associated with the loaded drug molecules in the

cells. All these findings suggest that some of the nanoparticles may carry doxorubicin into the cell,
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FIGURE 36.14 Clonogenic assay experiments for the toxicity of Dox human P-glycoprotein overexpressing

MDA435/LCC6/MDR1 breast cancer cell line. The normalized plating efficiencies (normalized PE) after 4 h

exposure to doxorubicin (Dox) solution, Dox-polymer (Dox-HPESO) aggregates, Dox-loaded lipid nanopar-

ticles (Dox-PLN), or Dox solution C blank PLN are shown. Results are expressed as mean G SD of the

measurements obtained in three separate experiments (nZ6 in each experiment). *, p ! 0.05, significantly

different from Dox solution group. (Adapted from Wong, H. L. et al., Pharm. Res., in press.)
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FIGURE 36.15 Fluoroescence microscope images demonstrating the effect of a PLN formulation containing

doxorubicin on drug retention and intracellular drug distribution in Pgp-over expressing breast cancer cells

MDA435/LCC6/MDR1. Cells were incubated with nanoparticles containing doxorubicin for 2 h, washed, and

re-incubated in fresh medium for two additional hours. lex Z540 nm and lem Z590 nm. Magnification of

objective Z100!. Bar represents 20 mm. (Adapted from Wong, H. L. et al., Pharmacol. Exp. Ther., in press.)
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possibly by endocytosis, bypassing the membrane-bound drug efflux mechanisms. These drug-

loaded nanoparticles could be staying intracellularly to serve as mini-drug depot systems and

chronically inflicting damages to cancer cells.

36.5.6.1 In Vivo Efficacy of SLN Delivered Antineoplastic Agents

In terms of cancer therapy, particularly with regard to solid tumors, in vitro data frequently may

only serve as a good starting point. It is because there are several drug resistance mechanisms,

sometimes referred as non-cellular mechanisms, that exist only in in vivo situations. A treatment

with strong in vitro anti-tumor activity thus may not be working in tumor-bearing animals.

However, information on the in vivo efficacy of SLN formulations of anti-tumor drugs remains

limited. Most studies that included animal models focused on drug biodistribution. To our knowl-

edge, only one study with in vivo efficacy component has been published. In this study, mice model

xenografted with HT-28 tumor was used.62 Tumors treated with the SLN formulation of SN-38 took

longer or comparable time to reach the cut off tumor weight at lower drug dose. The study provided

the first evidence that the ability of SLN to enhance anti-tumor drug effectiveness is not limited in

cultured cells, but may also be applicable to in vivo systems.

36.5.6.2 Improved Pharmacokinetics and Drug Distribution

As discussed in Section 36.2.3, SLN can be coated with stealth agents such as PEG to minimize the

clearance by RES to achieve extended systemic circulation time. Using stearic acid PEG2000, long-

circulating SLN formulations of doxorubicin and paclitaxel have been formulated.9,84 A number of

pharmacokinetic and biodistribution studies were based on these SLN systems.

In principle, the unmodified, non-stealth SLN should be rapidly cleared from the systemic

circulation by RES. In reality, unmodified SLN were able to remain in the bloodstream for long

times in the animal studies performed. Table 36.6 summarizes the area-under-the-curve (AUC)
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TABLE 36.6
A Comparison of the Area-Under-the-Curve Values of Anti-Cancer Drugs Administered in

Solution to Drugs Encapsulated in Unmodified SLN or Long-Circulating SLN

Study Groupa Funaro Yang Wang Zara 99 Zara 02 Zara 02
Drugb DOX CTT FuDR DOX DOX IDA
AUCc

Drug solution 83.7 66 44.5 98.0 47.6 31.4, 108.5d

Unmodified SLN 814.5 324 138.4 1713.4 123.1 674.2, 458.9

Long-circulating SLN 1121.1 — — — 259.7e —

318.2

433.3

a Groups named under the first authors of the studied.
b DOX, doxorubicin; CTT, camptothecin; FuDR, 3 0,5 0-dioctanoyl-5-fluoro-2 0-deoxyuridine; IDA, idarubicin.
c AUC, area under curve, units in min.(g.mlK1 except the studies by Yang (h.ng.gK1) and Wang (h.mg.mlK1).
d First figure and second figure correspond to AUC of IDA after intravenous and duodenal administration, respectively.
e SLN with three different levels of PEG2000-stearic acid.First, second, and third figures correspond to 0.15%, 0.30%, and

0.45% PEG2000 content in lipid microemulsion for SLN preparation.
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values of several anti-tumor compounds obtained in pharmacokinetic studies. Drugs in solution,

unmodified SLN, or long-circulating SLN were administered. In all of the studies listed, unmodified

SLN were able to increase the AUC values by 3-fold up to over 20-fold, indicating low RES

clearance. Nevertheless, long-circulating SLN still have an advantage over the unmodified SLN.

In the two studies that compared unmodified and long-circulating formulations, the AUC of drugs

delivered by the long-circulating SLN were approximately 25% to over 3-fold higher.

In addition to surface modification, the routes of administration also appear to affect the

pharmacokinetics and drug biodistribution. In the etoposide-SLN study,80 improvements in

tumoral drug accumulation were observed when the etoposide formulations were intraperitoneally

or subcutaneously injected. Subcutaneous administration even led to multiple-fold increases in the

tumor drug concentrations 24 h post-injection. The authors suggested that the slower and pro-

gressive penetration of the nanoparticles (and the loaded drug) from the subcutaneous injection

site into the tumor may result in more favorable patterns of drug distribution. In the study by Zara

et al.,88 duodenal administration of idarubicin-loaded SLN also led to a higher AUC than when the

SLN were intravenously administered. It is evident that the biodistribution of an anti-tumor drug

delivered by SLN may be further manipulated to achieve the desired therapeutic goal. The manner

by which a SLN drug formulation is administered will be a key aspect to consider when designing

animal or clinical studies of SLN for anti-tumor drug delivery.

Regardless of how long an anti-tumor drug can stay in the systemic circulation, the drug has to

finally accumulate in the tumor and avoid the non-cancerous tissues to exercise its therapeutic

effects without causing toxicity to the patient. To confirm the tumor drug accumulation, an in vivo

tumor model is required. Only one SLN study employing tumor-bearing animals has been

performed.80 Nearly 67% and 30% increases of tumor drug concentrations were measured 1 h

and 24 h post-injection, respectively. This is promising in terms of cancer chemotherapy. More

SLN biodistribution studies involving tumor models will further strengthen the case.

In many of the biodistribution studies of anti-tumor drug-loaded SLN, even without surface

modifications, the drug accumulations in the liver, spleen, and kidney, three RES organs, were

reduced.8,9,80,88 The role of RES clearance in the biodistribution of SLN may need to be

re-examined. It is also noteworthy to point out the high brain concentrations of SLN delivered

drugs in many of these studies. Cytotoxic drugs do not usually accumulate in the brain tissue
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because of the presence of the blood–brain barrier. This barrier presents a serious challenge to

chemotherapeutic treatment of central nervous system tumors (refer to Chapter 17). The most

prominent mechanism leading to the blood–brain barrier is the high expression of Pgp.

The ability of SLN to carry drugs across the Pgp-rich blood–brain barrier is consistent with the

previously described findings of SLN in Pgp-over expressing cancer cell lines (Section 36.5.3). This

Pgp-bypassing feature of SLN may be useful for cancer chemotherapy if properly exploited.

In most of the SLN biodistribution studies, the drug concentrations in the heart were signi-

ficantly lower using SLN formulations.8,9,80,88 This is important for anthracycline delivery as this

class of anti-tumor compounds are notorious in causing irreversible cardiotoxicity. By selectively

reducing the anthracycline concentration in the cardiac tissues, higher dose intensity may be given

to achieve better therapeutic outcomes.131

Overall, SLN are useful for the improvement of the pharmacokinetics and biodistribution

profiles of anti-tumor drugs. Drugs administered tend to stay longer, penetrate the tumor sites

better, and avoid some vulnerable organs. These may be further improved by the use of long-

circulating SLN systems.
36.6 CONCLUSIONS AND FUTURE PERSPECTIVES

SLN are a promising drug delivery device for rational chemotherapy. After just slightly longer than

a decade of time, SLN already have gone through several stages of development. Although the

ingredients of SLN are relatively simple—basically only lipids and surfactants—there are a diverse

number of parameters involved in the preparation processes that can be manipulated to alter the

SLN properties. These include the physicochemical characteristics of SLN compositions, pro-

duction methods, and storage conditions. Significant progresses in the improvement of drug

loading capacity, mass-production, modulation of release kinetics, stability in storage, bioavail-

ability, and active targeting have been made. In addition, the early, classical SLN that were made of

highly crystallized lipids have quickly evolved into several variations, including microemulsion-

based SLN, NLC, LDC, PLN, and surface-modified SLN. Each of these variations corrects a

specified set of problems commonly encountered during the early stage of SLN development.

Currently not only limited to lipophilic compounds, hydrophilic and charged agents can also be

efficiently encapsulated into SLN-based systems, stored with good stability, and released under a

certain degree of control. This makes SLN an excellent choice for the delivery of anti-tumor drugs,

a highly heterogeneous class of drugs with diverse molecular structures and physical properties and

are usually chemical reactive and strongly toxic.

This relatively new class of delivery systems still has a lot of untapped potential as well as

limitations to overcome. Because of the complexity of such drug delivery systems and complex

interactions existed among various causal factors, the fundamental problems hampering the prac-

tical application of SLN such as drug loading and release mechanisms, the correlation between the

constituents of SLN and the properties of SLN have not been completely solved yet. The current

development of SLN still mainly depends on the trial-and-error approach that leads to occasional

controversial results. It is expected that with better understanding of the structure of SLN and their

mechanisms of drug loading and release, the overall performance of SLN can be further optimized.

The biological aspects of SLN for cancer treatment, including SLN-cell interactions and in vivo

SLN-tumor interactions are areas largely unexplored. In addition, there are a number of new

applications of SLN that have just started developing, e.g., the use of SLN for delivery of drug

combinations such as cytotoxic drug—chemosensitizer. The potentials of SLN for gene therapy and

molecular targeting are also emerging.84,132 It will not be surprising to witness significant research

progress in the field of SLN in the near future, providing more efficacious, less toxic, and more

specific chemotherapy treatments for cancer.
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37.1 INTRODUCTION

Nanotechnology and its biomedical applications have exploded in the last several years. Because of

initiatives in Europe1 and the United States,2,3 increased research funding and venture capital4 have

been available to facilitate these developments. Nanotechnology, nanoscience, or nanoengineering

encompass pharmaceutical formulations, devices, chemical processes, or that may be encapsulated

into a compartment of less than 1,000 nm in diameter. This volume is dedicated to the description of

a wide variety of drug delivery devices and their application to cancer therapy.

Although lipoproteins have long been considered as potential vehicles to deliver the “magic

bullet” for targeted cancer chemotherapy,5,6 they have yet to be considered as prime candidates for

clinical applications as recent reviews on targeted drug delivery7–9 contain only a limited amount of

discussion on lipoproteins7 or none at all.8,9 The purpose of this chapter is to evaluate lipoproteins

as delivery agents for anti-cancer drugs and to discuss the challenges that have so far prevented

clinical applications of lipoprotein-based formulations.
37.2 LIPOPROTEINS AS VEHICLES FOR THE TARGETED DELIVERY

OF ANTI-CANCER AGENTS

Plasma lipoproteins are macromolecular complexes composed of specific protein and lipid com-

ponents. The major physiological role of lipoproteins is to transport water-insoluble lipids from

their point of origin to their respective destinations. Lipoproteins contain an outer shell that is made

up of phospholipids, apolipoproteins, and unesterified cholesterol (Figure 37.1a) and an interior

core compartment, accommodating water-insoluble lipids (triacylglycerols and cholesteryl esters).
777
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FIGURE 37.1 Loading of a hydrophobic drug (paclitaxel) into the core region of a generic lipoprotein

(Adapted from Wainberg, P. B., Hosp. Pract., 22, 223–227, 1987.)
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This arrangement provides considerable stability to the overall structure of lipoproteins and makes

them particularly suitable for the transport of hydrophobic drugs (Figure 37.1b).

Because of the opportunity to convert hydrophilic anti-cancer agents to highly effective hydro-

phobic pro-drugs via chemical modifications,10–12 there is essentially no structural limit to the type

and kind of pharmaceutical agents that may be transported by lipoproteins. Plasma lipoproteins are

spherical particles that range from 5 to over 1,000 nm in diameter (Figure 37.2). Because of their

superior stability and smaller size, the classes of low density lipoproteins (LDL) and high density

lipoproteins (HDL) qualify as drug carrying nanoparticles and will be the subject of this review.

The outstanding features that render lipoproteins suitable carriers of anti-cancer agents may be

summarized as follows:
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FIGURE 37.2 Buoyant density and size distribution of plasma lipoproteins.
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† Lipoproteins represent natural, biologically compatible components providing enhanced

safety and efficacy.

† Apolipoproteins provide a signal for the receptor mediated uptake of the whole particle

by endocytosis13 or the selective uptake of the drug/core component.14

† Lipoproteins nearly perfectly exemplify the “magic bullet” concept6 via the receptor-

mediated uptake of the encapsulated drug. Because of the over expression of lipoprotein

receptors by malignant cells,15–17 there is an opportunity to attack malignant cells selec-

tively without substantially impacting normal cells. The targeting potential of

lipoproteins may be further enhanced by attaching ligands to the respective lipid or

protein components.
37.3 LDL AS A DELIVERY VEHICLE FOR ANTI-CANCER AGENTS

The application of LDL as a targeted drug delivery vehicle was initiated by Krieger et al.18,19 who

replaced the core of native LDL with cholesteryl linoleate and suggested that hydrophobic

compounds, including drugs, may be incorporated into LDL for diagnostic or therapeutic purposes

in a similar manner.18 Subsequently, Gal et al.20 proposed an LDL-based drug delivery system for

treating gynecological neoplasms. To date, numerous studies have been performed with LDL

particles as targeted drug carriers; nevertheless, the enthusiasm for LDL-based drug delivery

systems has been modest as indicated by the paucity of approved therapeutic formulations or

ongoing clinical trials at present.

The major challenge in the preparation of reconstituted LDL (rLDL) nanoparticles is the

availability of apolipoprotein B-100 (apoB-100), the major protein component of LDL.13 In

addition, the high molecular weight of apoB-100 and its tendency to aggregate upon delipidation

present additional difficulties in the preparation of rLDL-based drug formulations. Early attempts to

prepare rLDL/drug complexes were undertaken by Lundberg,21–23 combining egg yolk phospha-

tidylcholine (EYPC), a hydrophobic drug (cytotoxic mustard carbamate), and apoB-100.20 The

resultant nanoparticle had a diameter of about 23 nm and was metabolized by fibroblasts in a

manner similar to native LDL.21 A series of studies by Van Berkel et al. developed unilamellar

liposome-like particles, containing apolipoprotein E that were taken up by tissues via the LDL

receptor upon injection into rats.24 Van Berkel et al. also encapsulated a lipophilc derivative of

daunorubicin into these nanoparticles that were subsequently taken up by B16 tumors10 via the

LDL receptor.25

Maranhao et al. developed an alternate approach to prepare a drug carrying, protein-free

microemulsion (LDE) by combining egg yolk phosphatidyl choline, triolein, cholesterol, and

cholesteryl oleate.26 The LDE particles apparently associated with apoE upon injection into rats

and had clearance rates similar to LDL. These LDE particles were subsequently loaded with either

oleoyl-etoposide12 or oleoyl-paclitaxel27 to explore their respective therapeutic potentials. Studies

with oleoyl-paclitaxel in mice showed a nine-fold increase in LD50 of oleoyl-paclitaxel encapsu-

lated into LDE vs. the free drug.27 A novel approach for preparing rLDL/drug complexes was

reported by Owens et al. who utilized peptides representing the receptor binding region of apoB

instead of full length apo B.28 This microemulsion resembling LDL was able to support the growth

of U937 cells similar to native LDL.29
37.4 HDL AS A DELIVERY VEHICLE FOR ANTI-CANCER AGENTS

The utilization of lipoprotein nanoparticles for the delivery of anti-cancer agents is based on the

hypothesis that rapidly proliferating cells (including cancer cells) have a higher expression of

lipoprotein receptors15–17 to meet their increased need for cholesterol (new cell membrane
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synthesis). This view is consistent with the lower plasma cholesterol levels found in cancer

patients.30 Clinical studies showed that HDL cholesterol levels were lower in cancer patients

versus normal controls than their LDL-cholesterol.31 Similar findings were reported for patients

with hematologic malignancies,32–34 small cell lung cancer,35 and colorectal adenoma.36 Recent

findings with the HDL receptors (scavenger receptor B1 [SR-B1], CD36, and LIMPII analogous-1

[CLA-1]) show that breast cancer cells have substantially higher expression of this HDL receptor

than the surrounding normal cells.37 These findings suggest that targeted delivery of anti-cancer

drugs using an HDL delivery system is likely to be highly effective.38

The proliferation of adenocarcinoma39 and other cancer cells40,41 were shown to be enhanced

by HDL or HDL components. In addition, Pussinen et al. have shown that breast cancer cells take

up cholesterol from HDL via the CLA-1 receptor pathway.42 These findings show that HDL

receptors may play a key role in controlling the proliferative capacity of cancer cells, and they

establish the concept of selective targeting of anti-cancer agents delivered via reconstituted HDL

(rHDL). These findings are consistent with findings from this laboratory, showing that cancer cells

produced substantially stronger immunoblots with an SR-BI antibody than normal fibroblasts.43 It

has also been shown that the respective uptakes of paclitaxel and cholesteryl esters were highly

correlated (r2Z0.88; pZ0.04) when delivered as core components of rHDL nanoparticles, indi-

cating that the paclitaxel was taken up by a receptor-mediated pathway.43

The delivery of anti-cancer agents via native HDL is exceedingly challenging because of the

labor involved in the large scale isolation of human plasma HDL. Concerns about bio-safety would

likely render the development of the HDL/drug formulations perhaps even more costly than those

employing LDL.44 So far, there have been only limited attempts to incorporate drugs into native

HDL45 and none with the ultimate purpose of therapeutic applications. Here, rHDL has proven to be

a much more effective drug delivery vehicle than native HDL.

The nomenclature currently used in the literature is confusing as to what rHDL actually

represents. The terms reconstituted and recombinant are both being used to describe artificially

generated HDL-type nanoparticles although the former designation is becoming more predominant.

The nomenclature is further confounded by the naming of rHDL nanoparticles based on the
FIGURE 37.3 Transformation of the discoidal precursor (nascent) HDL to its stable, spherical configuration

via the accumulation of cholesteryl esters, catalyzed by lecithin: cholesterol acyltransferase (LCAT). (From

Alexander, E. T., et al., Biochemistry, 44(14), 5409–5419, 2005. With permission.)
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different stages in the maturation of the circulating HDL particle (Figure 37.3).46,47 HDL meta-

bolism commences by the secretion of discoidal, primarily phosphatidyl choline (PC) and

apolipoprotein A-I (apoA-I) containing particles by the liver48 and the intestine. These HDL

precursors are subsequently converted to spherical (mature) HDL49 by the action of lecithin:cho-

lesterol acyltransferase (LCAT) by expanding the particle’s cholesteryl ester core (Figure 37.3).

Scientific reports and patent disclosures have referred to both discoidal and spherical nanoparticles

as “rHDL.”50–54

For the purpose of formulating drug delivery complexes, spherical nanoparticles have an

advantage over other configurations as their core region can accommodate the drug to be trans-

ported (Figure 37.1). Van Berkel et al. prepared spherical neo-high density lipoproteins as drug

delivery vehicles54 by incorporating the lipophilic derivative of iododeoxyuridine into neo-HDL,

resulting in a nanoparticle resembling circulating apoE-free HDL.11 Earlier work in this laboratory

yielded stable rHDL/drug nanoparticles composed of Taxolw and the components of circulating

HDL.43 The paclitaxel from the rHDL/Taxolw nanoparticles was apparently taken up by cancer

cells via a receptor mediated mechanism.43 An enhanced rHDL formulation containing paclitaxel

has been recently developed with increased drug carrying capacity and cytotoxicity toward several

cancer cell lines.55
37.5 CONCLUSIONS

Lipoprotein-based nanoparticles have the potential to provide a superior performance compared to

most alternative formulations for drug delivery agents because of their natural, biodegradable

ingredients that also help to protect against rapid removal from the circulation by the reticuloen-

dothelial system.44,56 Additional important issues in favor of lipoproteins nanoparticles are the

biological compatibility of lipoprotein based formulations,44,56,57 many that have already been

safely injected into human subjects.58–62 Lipoprotein nanoparticles have substantially smaller

molecular diameter than most liposomal drug preparations, a considerable advantage, as even

smaller liposomes have been considered to have superior pharmacokinetic properties.63 Another

important issue favoring lipoprotein nanoparticles over alternate drug delivery systems is their

targeting potential via receptor-mediated mechanisms that are over expressed in cancer cells vs.

normal cells.15,17,37 This type of lipoprotein-based (LDL) drug delivery mechanism has been shown

to be superior in the delivery of omega-3 fatty acids to cancer cells over serum albumin.64

One of the major advantages of lipoprotein nanoparticles in cancer chemotherapy is that their

targeting potential may be substantially enhanced by attaching ligands to their surface lipid or

protein components. Targeted drug delivery is of major interest in cancer chemotherapy where

several monoclonal antibodies have already been employed as targeting agents.65,66 However, there

have been only limited attempts to explore this drug delivery model; it has essentially unlimited

potential in cancer chemotherapy. Earlier attempts to enhance the targeting of the lipoprotein

nanoparticles was reported by Van Berkel et al. by using lactosylated derivatives of LDL67,68and

neo-HDL.69 These modified lipoprotein nanoparticles were shown to be preferentially targeted to

parenchymal liver cells67,68 that provided a model for converting water soluble drugs to pro-drugs

for encapsulaton into lipoproteins69 and a potential drug delivery vehicle for treating hepatitis B.70

Additional attempts for enhancing the targeting of lipoprotein nanoparticles involved the attach-

ment of monoclonal antibodies (MABs) to LDL to target histocompatibility antigens.45 Recent

studies in this laboratory led to the development of an rHDL particle with folate residues attached to

the apo A-I component. These folate-bearing nanoparticles promoted a substantially enhanced

uptake of paclitaxel by OVCAR-3 cells from the modified rHDL/paclitaxel complex.

Despite many potential advantages over other drug delivery models, the application of lipo-

protein nanoparticles for cancer chemotherapy currently lags behind other drug delivery systems.

Although lipoprotein nanoparticles are biologically compatible and offer superb targeting potential
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via receptor-mediated mechanisms, the challenge of obtaining the apolipoprotein starting

material has so far been a major obstacle in the manufacturing of lipoprotein-based

pharmaceutical formulations.

In summary, lipoprotein-based nanoparticles have the potential to perform as superior drug

delivery agents for anti-cancer drugs because of their natural biodegradable components that

protect against their rapid removal from the circulation and their targeting potential via receptors

that are over expressed in cancer cells vs. normal cells.
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protein A-I in discoidal and spherical recombinant high density lipoprotein particles. 13C NMR

studies of lysine ionization behavior, J. Biol. Chem., 265, 22123–22129, 1990.

54. Schouten, D., van der Kooij, M., Muller, J., Pieters, M. N., Bijsterbosch, M. K., and van Berkel, T. J.,

Development of lipoprotein-like lipid particles for drug targeting: Neo-high density lipoproteins, Mol.

Pharmacol., 44, 486–492, 1993.

55. Lacko, A. G., Nair, M., Paranjape, S., Mooberry, L., and McConathy, W. J., Advanced Drug Delivery

System for Breast Cancer Chemotherapy Department of Defense, Congressionally Directed Medical

Research Program “ERA of Hope” Breast Cancer Research Review, Philadelphia, Pennsylvania,

2005. http://mrmcweb4.detrick.army.mil/bcrp/era/abstracts2005/0110582_abs.pdf

56. Shaw, J. M., Shaw, K. V., Yanovich, S., Iwanik, M., Futch, W. S., Rosowsky, A., and Schook, L. B.,

Delivery of lipophilic drugs using lipoproteins, Ann. NY Acad. Sci., 507, 252–271, 1987.

57. Adams, T., Alanazi, F., and Lu, D. R., Safety and utilization of blood components as therapeutic

delivery systems, Curr. Pharm. Biotechnol., 4, 275–282, 2003.

58. Nanjee, M. N., Crouse, J. R., King, J. M., Hovorka, R., Rees, S. E., Carson, E. R., Morgenthaler, J. J.,

Lerch, P., and Miller, N. E., Effects of intravenous infusion of lipid-free apo A-I in humans, Arter-

ioscler. Thromb. Vasc. Biol., 16, 1203–1214, 1996.

59. Nanjee, M. N., Doran, J. E., Lerch, P. G., and Miller, N. E., Acute effects of intravenous infusion of

ApoA1/phosphatidylcholine discs on plasma lipoproteins in humans, Arterioscler. Thromb. Vasc.

Biol., 19, 979–989, 1999.

60. Bisoendial, R. J., Hovingh, G. K., Levels, J. H., Lerch, P. G., Andresen, I., Hayden, M. R., Kastelein,

J. J., and Stroes, E. S., Restoration of endothelial function by increasing high-density lipoprotein in

subjects with isolated low high-density lipoprotein, Circulation, 107, 2944–2948, 2003.
q 2006 by Taylor & Francis Group, LLC



Lipoprotein Nanoparticles as Delivery Vehicles for Anti-Cancer Agents 785
61. Pajkrt, D., Doran, J. E., Koster, F., Lerch, P. G., Arnet, B., van der Poll, T., ten Cate, J. W., and van

Deventer, S. J., Antiinflammatory effects of reconstituted high-density lipoprotein during human

endotoxemia, J. Exp. Med., 184, 1601–1608, 1996.

62. Nanjee, M. N., Cooke, C. J., Garvin, R., Semeria, F., Lewis, G., Olszewski, W. L., and Miller, N. E.,

J. Lipid Res., 42, 1586–1593, 2001.

63. Palatini, P., Disposition kinetics of phospholipid liposomes, Adv. Exp. Med. Biol., 318, 375–391, 1992.

64. Edwards, I. J., Berquin, I. M., Sun, H., O’Flaherty, J. T., Daniel, L. W., Thomas, M. J., Rudel, L. L.,

Wykle, R. L., and Chen, Y. Q., Differential effects of delivery of omega-3 fatty acids to human cancer

cells by low-density lipoproteins versus albumin, Clin. Cancer Res., 10, 8275–8283, 2004.

65. Toi, M., Takada, M., Bando, H., Toyama, K., Yamashiro, H., Horiguchi, S., and Saji, S., Current

status of antibody therapy for breast cancer, Breast Cancer, 11, 10–14, 2004.

66. Boskovitz, A., Wikstrand, C. J., Kuan, C. T., Zalutsky, M. R., Reardon, D. A., and Bigner, D. D.,

Monoclonal antibodies for brain tumour treatment, Expert. Opin. Biol. Ther., 4, 1453–1471, 2004.

67. Bijsterbosch, M. K. and Van Berkel, T. J., Uptake of lactosylated low-density lipoprotein by galac-

tose-specific receptors in rat liver, Biochem. J., 270, 233–239, 1990.

68. Bijsterbosch, M. K. and Van Berkel, T. J., Lactosylated high density lipoprotein: A potential carrier

for the site-specific delivery of drugs to parenchymal liver cells, Mol. Pharmacol., 41, 404–411, 1992.

69. de Vrueh, R. L., Rump, E. T., Sliedregt, L. A., Biessen, E. A., van Berkel, T. T., and Bijsterbosch,

M. K., Synthesis of a lipophilic prodrug of 9-(2-phosphonyl methoxyethyl)adenine (PMEA) and its

incorporation into a hepatocyte-specific lipidic carrier, Pharm. Res., 16, 1179–1185, 1999.

70. de Vrueh, R. L., Rump, E. T., van De Bilt, E., van Veghel, R., Balzarini, J., Biessen, E. A., van Berkel,

T. J., and Bijsterbosch, M. K., Carrier-mediated delivery of 9-(2-phosphonylmethoxyethyl)adenine to

parenchymal liver cells: A novel therapeutic approach for hepatitis B, Antimicrob. Agents

Chemother., 44, 477–483, 2000.
q 2006 by Taylor & Francis Group, LLC





38
q 2006 by Taylor & Fra
DQAsomes as Mitochondria-
Targeted Nanocarriers for
Anti-Cancer Drugs

Shing-Ming Cheng, Sarathi V. Boddapati, Gerard
G. M. D’Souza, and Volkmar Weissig
CONTENTS

38.1 Introduction ....................................................................................................................... 787

38.2 Apoptosis and Mitochondria ............................................................................................. 788

38.3 Proapoptotic Drugs Acting on Mitochondria ................................................................... 788

38.4 Mitochondriotropic Vesicles (DQAsomes)....................................................................... 790

38.5 DQAsome-Mediated Delivery of pDNA to Mitochondria in Living

Mammalian Cells .............................................................................................................. 791

38.6 Encapsulation of Paclitaxel into DQAsomes.................................................................... 793

38.7 DQAsomal-Encapsulated Paclitaxel Triggers Apoptosis In Vitro ................................... 794

38.8 Tumor Growth Inhibition Study with Paclitaxel-Loaded DQAsomes In Vivo ............... 796

38.9 Concluding Remarks ......................................................................................................... 797

References..................................................................................................................................... 797

38.1 INTRODUCTION

A major challenge in treating cancer is the lack of selectivity of the currently available cytotoxic

agents. Many such agents fail to significantly distinguish between cancer cells and healthy cells.

Consequently, systemic application of these drugs is prone to cause severe side effects in other

tissues, greatly limiting the maximal allowable dose of the drug. Another major hurdle to success-

fully treating cancer is multi-drug resistance (MDR). There are multiple putative origins of MDR,

but one of the most studied today is the efflux pump that serves to remove drug molecules from the

cell before they can act at their particular subcellular target inside the cell. Both problems, i.e.,

non-specificity and MDR, could potentially be solved by the development of highly selective

tumor-specific drug delivery systems. Progress in this direction has already been made with the

development and subsequent Food and Drug Administration (FDA) approval of Doxilw, the first

liposomal anti-cancer drug, and similar systems are under development. However, the DQAsome-

based approach described in this chapter takes drug delivery one significant step farther. To

efficiently and selectively eradicate carcinoma cells, the cytotoxic drug not only needs to be

delivered to the tumor cell, but it must also be delivered to the particular target inside the cell.

Tumor-specific subcellular drug delivery constitutes a new approach for the chemotherapy

of cancer. This approach becomes increasingly feasible as the particular mechanism of action,
787
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i.e., the molecular targets of anti-cancer drugs, is being recognized. Transporting the cytotoxic drug

to its intracellular target could potentially overcome MDR by bypassing the p-glycoprotein, i.e., the

drug would literally be hidden from the p-glycoprotein inside the delivery system until it becomes

selectively released at the particular intracellular site of action. At the same time, a sub-cellular

delivery system would significantly increase the subcellular bioavailability of any drug acting

inside a cell.
38.2 APOPTOSIS AND MITOCHONDRIA

Apoptosis (programmed cell death) plays a central role in tissue homeostasis, and it is generally

recognized that inhibition of apoptosis may contribute to cell transformation.1 Significant knowl-

edge has been accumulated during the past several years about how the apoptotic machinery is

controlled.2–20 As each new regulatory mechanism had been identified, dysfunction of that

mechanism has been linked to one or another type of cancer.17 Dysregulation of the apoptotic

machinery is now generally accepted as an almost universal component of the transformation

process of normal cells into cancer cells.

A large body of experimental data demonstrates that mitochondria play a key role in the

complex apoptotic mechanism.18–49 Mitochondria have been shown to trigger cell death via

several mechanisms: by disrupting electron transport and energy metabolism, by releasing or

activating proteins that mediate apoptosis, and by altering cellular redox potential. A critical

event leading to programmed cell death is the mitochondrial membrane permeabilization that is

under the control of the permeability transition pore complex (mPTPC), a multiprotein complex

formed at the contact site between the mitochondrial inner and outer membranes. The mPTPC is

widely accepted as being central to the process of cell death and has accordingly been rec-

ommended as a privileged pharmacological target for cytoprotective and for cytotoxic therapies

in general.50 In particular, it has been suggested that targeting specific mPTPC components may

overcome bcl-2 mediated apoptosis inhibition in cancer cells.1 Several studies have already demon-

strated the feasibility of eliminating neoplastic cells by selectively inducing apoptosis (reviewed in

reference 17). The design of mitochondria-targeted cytotoxic drugs has been formulated as a novel

strategy for overcoming apoptosis resistance in tumor cells,1 which, intriguingly, opens up a whole

new avenue for the therapy of cancer by “tricking cancer cells into committing suicide.”17
38.3 PROAPOPTOTIC DRUGS ACTING ON MITOCHONDRIA

Several conventional anti-cancer drugs, such as doxorubicin, and cisplatin, have no direct effect on

mitochondria.51 These conventional chemotherapeutic agents elicit mitochondrial permeabilization

in an indirect fashion by induction of endogenous effectors that are involved in the physiologic

control of apoptosis.1 However, a variety of clinically approved drugs such as paclitaxel,52–60

VP-16 (etoposide)61–64 and vinorelbine58 as well as an increasing number of experimental anti-

cancer drugs such as betulinic acid, lonidamine, CD-437 (a synthetic retinoids) and ceramide

(reviewed in1) have been found to act directly on mitochondria resulting in triggering apoptosis.

These agents may induce apoptosis in circumstances in which conventional drugs fail to act

because endogenous apoptosis inducing pathways, e.g., such as those involving p53, death

receptors or apical caspase activation, are disrupted, leading to the apoptosis-resistance of tumor

cells. For example, several in vitro and in vivo studies have shown that the synthetic retinoid CD437

is able to induce apoptosis in human lung, breast, cervical and ovarian carcinoma cells (reviewed in

Kaufmann and Gores 2000). It could be demonstrated that in intact cells, CD437-dependent caspase

activation is preceded by the release of cytochrome C from mitochondria.65 Moreover, it was

shown that when added to isolated mitochondria, CD437 causes membrane permeabilization and

that this effect is prevented by inhibitors of the mPTPC such as cyclosporine A. CD437 constitutes
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an experimental drug that exerts its cytotoxic effect via the mPTPC, i.e., by acting directly at the

surface or inside of mitochondria.

The development of anti-cancer drugs whose cytotoxic effects depend on their direct interaction

with mitochondria inside of living cells raises the issue of the intracellular distribution of these

drugs after having been taken up by the cell, i.e., the question of their intracellular bioavailability.

Independent of their mode of cell entry that should mostly take place via passive diffusion through

the cell membrane, drug molecules become randomly distributed among all cell organelles and,

depending on the chemical nature of the drug, eventually metabolized. Therefore, anti-cancer drugs

that exert their cytotoxic activity by directly acting at or inside of mitochondria in living cells would

dramatically benefit from a delivery system that can selectively transport these drugs to and

into mitochondria.

One of the major roles of mitochondria in the metabolism of eukaryotic cells is the synthesis of

Adenosine triphosphate (ATP) by oxidative phosphorylation via the respiratory chain. According to

Mitchell’s chemiosmotic hypothesis, electrons from the hydrogens on Nicotine amide adenine

dinucleotide (NADH) and Flavin adenine dinucleotide (FADH2) are carried along the respiratory

chain at the mitochondrial inner membrane, thereby releasing energy that is used to pump protons

across the inner membrane from the mitochondrial matrix into the intermembrane space. This

process creates a transmembrane electrochemical gradient that includes contributions from both

a membrane potential (negative inside) and a pH difference (acidic outside). The membrane

potential of mitochondria in vitro is between 180 and 200 mV, the maximum a lipid bilayer can

sustain while maintaining its integrity.66 Although this potential is reduced in living cells and

organism to about 130–150 mV as a result of metabolic processes such as ATP synthesis and

ion transport,67 it is by far the largest within cells.

Most interestingly, carcinoma cells posses a different mitochondrial membrane potential

relative to normal cells. It has been found that in many carcinoma cell lines, the mitochondrial

membrane potential is higher than in normal epithelial cells (reviewed in reference 68). For

example, the difference of the mitochondrial membrane potential between the colon carcinoma

cell line CX-1 and the control green monkey kidney epithelial cell line CV-1 has been reported to

be approximately 60 mV.68 Moreover, some carcinoma cells, in particular, human breast adeno-

carcinoma-derived cells, have in addition to the higher mitochondrial membrane potential also an

elevated plasma membrane potential relative to their normal parent cell lines.68–75

The striking difference between normal cells and human adenocarcinoma cells regarding the

electrical charge of both plasma and mitochondrial membranes has lead numerous investigators

during the 1990s to explore fundamentally new strategies for the selective targeting of cancer cells.

Their attempts have been based on compounds with a delocalized charge that have long been

known to accumulate in mitochondria of living cells in response to the mitochondrial membrane

potential. Many of these DLCs are toxic to mitochondria at high concentration. For example,

the rhodacyanine official name of this compound, unknown what the letters stand for

(MKT-07771,76–80) was the first DLC to be approved by the FDA for clinical trials for the treatment

of carcinoma.81 The trials were discontinued, however, because efficacy in tumor cell killing was

not demonstrated at the particular approved dosage and drug regimen.68 From the phase I clinical

trial, it was concluded that it is feasible to target carcinoma cell mitochondria with rhodacyanine

analogues if drugs with higher therapeutic indices could be developed.81

The DQAsomal-based strategy involving the use of dequalinium chloride, a typical represen-

tative of DLCs, for tumor and mitochondria-specific targeting factually starts where these failed

attempts of the 1990s have left off. This approach combines the well-proven ability of DLCs to

specifically target carcinoma cell mitochondria with the selective delivery of apoptotically active

compounds known to trigger programmed cell death via directly acting at the mitochondrial

surface. The DQAsomal approach utilizes the mitochondria-specific affinity of DLCs for the

delivery of pro-apoptotic drugs to mitochondria. Therefore, the actual cytotoxic effect is caused
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by apoptosis-triggering drugs. Any inherent cytotoxicity of the carrier system, i.e., the DLCs used,

might only add to the overall efficiency of killing carcinoma cells.
38.4 MITOCHONDRIOTROPIC VESICLES (DQASOMES)

Dequalinium chloride (DQA, Figure 38.1a) represents a typical mitochondriotropic delocalized

cation that already almost 20 years ago was shown to selectively accumulate in carcinoma cell

mitochondria.73 Most interestingly in the context of this chapter, it was demonstrated recently that

dequalinium B, a new boron carrier for neutron capture therapy, also accumulates preferentially in

carcinoma cells over non-transformed cells.82

Dequalinium is a dicationic compound resembling “bola”-form electrolytes, i.e., it is a sym-

metrical molecule with two charge centers separated at a relatively large distance. Such symmetric

bola-like structures are well known from archaeal lipids that usually consist of two glycerol

backbones connected by two hydrophobic chains.85,86 The self-assembly behavior of bipolar

lipid from Archaea has been extensively studied (reviewed in Gambacorta, Gliozi, and De Rosa

1995). Generally, it has been shown that these symmetric bipolar archaeal lipids can self-associate

into mechanically, very stable monolayer membranes. The most striking structural difference

between dequalinium and archaeal lipids lies in the number of bridging hydrophobic chains

between the polar head groups. Contrary to the common arachaeal lipids, in dequalinium there

is only one carbohydrate chain that connects the two cationic hydrophilic head groups. Therefore,

this type of bola lipids has been named single-chain bola-amphiphile.87,88 The self-association

behavior of this single-chain cationic bola amphiphile was investigated using Monte Carlo

computer simulations (Figure 38.1c, left panel),83 several electron microscopic (EM) techniques

(Figure 38.1c, right panel) as well as dynamic laser light scattering.84

It was found that, upon sonication, dequalinium forms spherical aggregates with diameters

between about 70 and 700 nm that were termed DQAsomes.84 Freeze fracture images

(Figure 38.1) show both convex and concave fracture faces. These images strongly indicate the
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FIGURE 38.1 (a) Chemical structure of dequalinium chloride with overlaid colors indicating, in blue, the

hydrophilic part and in yellow the hydrophobic part of the molecule. (b) Theoretical possible conformations of

dequalinium chloride, i.e., stretched versus horseshoe conformation, leading to either a monolayer or a bilayer

membranous structure following the process of self-assembly. (c) Left panel: Monte Carlo Computer

Simulations demonstrate the possible self-assembly of dequalinium chloride into vesicles. (From Weissig,

V., Mogel, H. J., Wahab, M., and Lasch, J., Proceed. Intl. Symp. Control. Rel. Bioact. Mater., 25, 312, 1998.)

Right panel: Electron microscopic images of vesicles (DQAsomes) made from dequalinium chloride, from left

to right: Negatively stained, rotary shadowed, freeze fractured. (From Weissig, V., Lasch, L., Erdos, G.,

Meyer, H. W., Rowe, T. C., and Hughes, J., Pharm. Res., 15(2), 334–337, 1998. With permission.)
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FIGURE 38.2 Top panel: Structure of the cyclohexyl derivative of dequalinium. Bottom panel: Schematic

illustration of the stabilizing effect of the cyclohexyl ring system (black circles).
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liposome-like aggregation of dequalinium. Negatively stained samples (Figure 38.1) demonstrate

that the vesicle is impervious to the stain and appears as a clear area surrounded by stain with no

substructure visible. Particle size measurements of DQAsomes stored at room temperature for 24 and

96 h (not shown) do not show any significant changes in their size distribution in comparison to

freshly made vesicles measured after one hour.84 This indicates that DQAsomes do not seem to

precipitate, to fuse with each other, or to aggregate in solution over a period of several days. The use

of dequalinium derivatives for the preparation of DQAsome-like vesicles leads to vesicles with

different size distributions.89 For example, substituting the methyl group by an aliphatic ring

system (Figure 38.2) confers superior vesicle forming properties to this bolaamphiphile. These

DQAsome-like vesicles, i.e., vesicles prepared from the cyclohexyl-derivative of DQA shown in

Figure 38.2, have a very narrow size distribution of 169G50 nm and can be stored at room tempera-

ture for at least five months.

In contrast to vesicles made from dequalinium, bolasomes made from the cyclohexyl derivative

are also stable upon dilution of the original vesicle preparation. Whereas dequalinium-based bola-

somes upon dilution slowly disintegrate over a period of several hours, bolasomes made from the

cyclohexyl compound do not show any change in size distribution following dilution. It appears

that bulky aliphatic residues attached to the quinolinium heterocycle favor self-association of the

planar ring system. It has, therefore, been speculated that the bulky group sterically prevents the

free rotation of the hydrophilic head of the amphiphile around the CH2-axis (Figure 38.2, bottom

panel), contributing to improved intermolecular interactions between the amphiphilic monomers.
38.5 DQASOME-MEDIATED DELIVERY OF pDNA TO MITOCHONDRIA

IN LIVING MAMMALIAN CELLS

During efforts in developing a mitochondria-specific DNA delivery vector, it could be demon-

strated that DQAsomes are able to selectively deliver plasmid DNA (pDNA) to mitochondria

within living mammalian cells. It has been shown, in particular, that DQAsomes stably incorporate

pDNA,84 protect the pDNA from nuclease digestion, and mediate its cellular uptake most likely via

non-specific endocytosis.90 Using membrane-mimicking liposomal membranes and isolated rat
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liver mitochondria, it was shown that DQAsome/pDNA complexes become destabilized upon

contact with mitochondrial membranes, but not at cell plasma membranes.91,92

The selective destabilization of DQAsomes at mitochondrial membranes may either be caused

by the difference in the lipid composition between cytoplasmic and mitochondrial membranes91 or

by the membrane potential-driven diffusion of individual dequalinium molecules from the

DQAsome/pDNA complex into the mitochondrial matrix leading to the disintegration of the

complex. However, the fact that DQAsomes do not lose their cargo (pDNA) during their contact

with the plasma cell membrane (i.e., during their cellular uptake) but do release the entrapped

pDNA upon contact with mitochondria appears as a very attractive feature of DQAsomes as a

mitochondria-specific drug delivery system. Any encapsulated drug would potentially be released

upon contact with mitochondrial membranes leading to the desired high local drug concentration in

the immediate proximity to the mPTPC that is recognized as a major target for apoptotically active

experimental drugs.1,93,94

Before translocating to mitochondria in response to the mitochondrial membrane potential,

however, endocytosed DQAsomes have to be released from endosomes into the cytosol. From

studies about the intracellular fate of cationic liposome/DNA complexes (lipoplexes), it is known

that cationic lipids exert a destabilizing effect on endosomal membranes, leading to the release of at

least a fraction of the lipoplex from early endosomes.95–98 In agreement with these data, it was

found that dequalinium-based DQAsomes also display endosomolytic activity.99 It was shown that

adding DQAsomes to liposomes mimicking the lipid composition of endosomal membranes repro-

ducibly lead to the release of liposomal encapsulated fluorescence marker.99

Direct evidence for the ability of DQAsomes to transport pDNA selectively to the site of

mitochondria was provided by studying the intracellular distribution of mitochondrial leader

sequence peptide -pDNA conjugates in cultured BT20 cells using confocal fluorescence

microscopy.100 Figure 38.3 shows images representative of the confocal fluorescence micrographs

obtained in this study. The green and red channels used to generate the overlaid images in the far

right column are shown separately in the preceding columns to facilitate a careful comparison of the

observed staining patterns.

The characteristic mitochondrial staining pattern seen with the red channel is a strong indicator

of mitochondrial viability in the imaged cells. From the composite image obtained by overlaying

the green and red channels, it can be seen that a sizeable fraction of the intracellular green

fluorescence co-localized with the red mitochondrial fluorescence (depicted as white areas in

Figure 38.3c). These observations indicate that, in addition to mediating the cellular uptake of

the pDNA conjugate, the use of DQAsomes resulted in a definite association of an appreciable

fraction of the internalized conjugate with mitochondria.
FIGURE 38.3 (See color insert following page 522.) Representative confocal fluorescence micrographs of

BT20 cells stained with Mitotrackerw Red CMXRos (red) after exposure to fluorescein labeled linearized

MLS-pDNA conjugate (green) complexed with DQAsomes; (a) red channel, (b) green channel, (c) overlay of

red and green channels with white, indicating co-localization of red and green fluorescence.(From D’Souza, G.

G., Boddapati, S. V., and Weissig, V., Mitochondrion, 5(5), 352–358, 2005. With permission.)
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38.6 ENCAPSULATION OF PACLITAXEL INTO DQASOMES

Paclitaxel, generally known as an anti-microtubule agent, has recently been demonstrated to trigger

apoptosis by directly acting on mitochondria.54,55,58 It has been shown that clinically relevant

concentrations of paclitaxel directly target mitochondria and trigger apoptosis by inducing

cytochrome c (cyt c) release in a permeability transition pore (PTP)-dependent manner.54 This

mechanism of action is known from other pro-apoptotic, directly on mitochondria acting agents.51

A 24-hour delay between the treatment with paclitaxel or with other PTP inducers and the release of

cyt c in cell-free systems compared to intact cells has been explained by the existence of several

drug targets inside the cell. Making only a subset of the drug available for mitochondria.54 Like-

wise, other anti-tubulin agents such as vinorelbine or nocodazole could also been shown to trigger

the release of cyt c via the direct interaction with mitochondria101 that subsequently resulted in

apoptotic cell death. The detection of tubulin as an inherent component of mitochondrial

membranes able to interact with the voltage-dependent anion channel102 and thereby able to

influence the mPTPC seems to make the rather surprising identification of mitochondria as a

target for well-established anti-tubulin agents plausible.

For encapsulation of paclitaxel into DQAsomes, dequalinium chloride and paclitaxel were

dissolved in methanol followed by removing the organic solvent.103 After adding buffer, the

suspension was sonicated with a probe sonicator until a clear opaque solution was formed. To

remove any undissolved material, the sample was centrifuged for 10 min at 3000 rpm. The solu-

bility of paclitaxel in water at 258C at pH 7.4 is with 0.172 mg/L (0.2 mM) extremely low, making

any separation procedure of non-encapsulated paclitaxel unnecessary. However, for control, a

paclitaxel suspension was probe sonicated under identical conditions used for the incorporation

of paclitaxel into DQAsomes but in the complete absence of dequalinium. As expected, upon

centrifugation, no paclitaxel was detectable in the supernatant using UV spectroscopy at

230 nm.103 Following this procedure, paclitaxel can be incorporated into DQAsomes at a molar

ratio paclitaxel to dequalinium of about 0.6. In comparison to the free drug, encapsulation of

paclitaxel into DQAsomes increases the drug’s solubility by a factor of about 3000.
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FIGURE 38.4 Paclitaxel encapsulated into DQAsomes. Left panel: transmission electron microscopic image

(uranyl acetate staining); middle panel: Size distribution; right panel: Cryo-electron microscopic image. (From

Cheng, S. M., Pabba, S., Torchilin, V. P., Fowle, W., Kimpfler, A., Schubert, R. and Weissig, V. J. Drug Deliv.

Sci. Technol., 15(1), 81–86, 2005. With permission.)
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FIGURE 38.5 Paclitaxel remains stably incorporated in DQAsomes: Molar ratio of paclitaxel to DQA in

DQAsomes upon storage at 4C. (From Cheng, S. M., Pabba, S., Torchilin, V. P., Fowle, W. Kimpfler, A.

Schubert, R., and Weissig, V., J. Drug Deliv. Sci. Technol., 15(1), 81–86, 2005. With permission.)
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Considering the known spherical character of DQAsomes, the results of an EM analysis of

paclitaxel-loaded DQAsomes seem rather surprising. The transmission EM image (Figure 38.4, left

panel) and the cryo-EM image (Figure 38.4, right panel) of an identical sample show with a

remarkable conformity worm- or rod-like structures roughly around 400 nm in length, the size

of which could also be confirmed by size distribution analysis shown in Figure 38.4 (middle panel).

These complexes may represent the formation of worm-like micelles as recently described for self-

assembling amphiphilic block co-polymers.104 Figure 38.5 shows data about the stability of

paclitaxel-containing DQAsomes upon storage. Over a period of ten days, the ratio of paclitaxel

to dequalinium in the DQAsome preparation remains almost constant, indicating that paclitaxel

remains stably incorporated in DQAsomes. However, from a gradual decrease of the total concen-

tration of paclitaxel and of dequalinium over several days and to the same extent (by approximately

20–30% after four days, data not shown) can be concluded that paclitaxel-loaded DQAsomes tend

to form larger aggregates that are removable by centrifugation. This tendency to form aggregates is

well known from artificial phospholipids vesicles (liposomes) and is generally reversible by

shaking or slightly vortexing the preparation.

The stability of paclitaxel-loaded DQAsomes is under physiological conditions in comparison

to their shelf-life stability significantly reduced. In general, upon transferring paclitaxel-loaded

DQAsomes either into serum-free cell medium (DMEM) at 378C or into complete serum, they

form large aggregates leading to precipitation. However, this process of aggregation seems to be

kinetically controlled, giving at least a portion of monomeric paclitaxel-loaded DQAsomes suf-

ficient time to reach their target. The tendency to form aggregates under physiological conditions is

common to all cationic carrier systems. Nevertheless, it should be mentioned that cationic lipo-

plexes and polyplexes are being tested in numerous gene therapeutic clinical trials. Also, cationic

colloidal carriers (Catioms) are currently being successfully developed for systemic drug admin-

istrations.105–107
38.7 DQASOMAL-ENCAPSULATED PACLITAXEL TRIGGERS APOPTOSIS

IN VITRO

To test if DQAsomal-encapsulated paclitaxel triggers apoptosis at paclitaxel concentrations where

the free drug does not have a significant cytotoxic effect, human colo 205 colon cancer cells were

incubated with the free drug, with empty DQAsomes, with a mixture of empty DQAsomes and

the free drug, and with the DQAsomal-encapsulated drug. Following the staining of the treated cells
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FIGURE 38.6 Human colo 25 colon cancer cells were treated in triplicates with empty DQAsomes (20 nM

DQA) with a mixture of empty DQAsomes (20 nM) and free paclitaxel (10 nM) and DQAsomal-encapsulated

paclitaxel (20 nM DQA/10 nM paclitaxel). In each case, approximately 400 cells were counted (From Chen, S.

M. and Weissig, V., 2006, manuscript in preparation).
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with the DNA-binding fluorophore Hoechst 33258, apoptotic nuclei showing the typical apoptotic

condensation and fragmentation of chromatin were counted and expressed as percent of the total

number of nuclei. Figure 38.6 shows that under identical incubation conditions, 10 nM paclitaxel-

encapsulated in DQAsomes more than doubles the number of apoptotic nuclei in comparison to the

control whee cells were treated with a mixture of empty DQAsomes and 10 nM free paclitaxel.

Likewise, a DNA ladder caused by DNA fragmentation typical for apoptosis could be detected

upon incubation of colon cancer cells with 10 nM DQAsomal-encapsulated paclitaxel but not upon

incubation with the free drug either alone or in mixture with empty DQAsomes (Figure 38.7).

Incubating the cells for the same period of time, the amount of free paclitaxel had to be increased at

least 5-fold over the amount of DQAsomal-encapsulated drug in order to generate a DNA ladder

(not shown).
FIGURE 38.7 Human colo 25 colon cancer cells were incubated for 30 h with buffer (lane 2), 20 nM empty

DQAsomes (lane 3), 10 nM free paclitaxel (lane 4), a mixture of 20 nM empty DQAsomes and 10 nM free

paclitaxel (lane 5), and 20 nM DQAsomes with 10 nM encapsulated paclitaxel (lane 6). White arrow heads

indicate the apoptotic DNA ladder (Chen, S. M. and Weissig, V., 2006, manuscript in preparation).
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Considering that paclitaxel, generally known as an anti-microtubule agent, has recently been

demonstrated to trigger apoptosis by directly acting on mitochondria,54,55,58 it can be concluded

from the data shown in Figure 38.6 and Figure 38.7 that encapsulating paclitaxel into a

mitochondria-specific drug delivery system appears to increase the sub-cellular, i.e., mitochondrial,

bioavailability of the drug.
38.8 TUMOR GROWTH INHIBITION STUDY WITH PACLITAXEL-LOADED

DQASOMES IN VIVO

Paclitaxel-loaded DQAsomes were tested for their ability to inhibit the growth of human colon

cancer cells in nude mice.103 COLO-205 cells were inoculated s.c. into the left flank of nude mice

that all formed palpable tumors within seven days after cell injection. For controls with free

paclitaxel, the drug was suspended in 100% DMSO at 20 mM, stored at 48C, and immediately

before use, diluted in warm medium. In all controls, the dose of free paclitaxel and empty

DQAsomes, respectively, was adjusted according to the dose of paclitaxel and dequalinium

given in the paclitaxel-loaded DQAsome sample. Because of the lack of any inhibitory effect on

tumor growth, the dose was tripled after 1.5 weeks. Figure 38.8 shows that at concentrations where

free paclitaxel and empty DQAsomes do not show any impact on tumor growth, paclitaxel-loaded

DQAsomes (with paclitaxel and dequalinium concentrations identical to controls) seem to inhibit

the tumor growth by about 50%. Correspondingly, the average tumor weight in the treatment

group after sacrificing the animals after 26 days is approximately half of that in all controls

(Figure 38.9). Although this result seems to suggest that DQAsomes might be able to increase

the therapeutic potential of paclitaxel, the preliminary character of this first in vivo study should

be emphasized.
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FIGURE 38.8 Tumor growth inhibition study in nude mice implanted with human colon cancer cells. The

mean tumor volume from each group was blotted against the number of days. Each group involved eight

animals. For clarity, error bars were omitted. Note that after 1.5 weeks, the dose, normalized for paclitaxel, was

tripled in all treatment groups. (From Cheng, S. M., Pabba, S., Torchilin, V. P., Fowle, W., Kimpfler, A.,

Schubert, R., and Weissig, V., J. Drug Deliv. Sci. Technol., 15(1), 81–86, 2005. With permission.)
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38.9 CONCLUDING REMARKS

DQAsomes and DQAsome-like vesicles have been established as the first mitochondria-specific

cationic drug delivery system potentially able to deliver cytotoxic drugs selectively to mitochondria

in cancer cells. However, the encapsulation of antineoplastic drugs into cationic vesicles has

already been suggested in 1998.108 It was found that upon intravenous injection of gold-labeled

cationic liposomes, 32% associated with tumor endothelial cells, 53% were internalized into

endosomes, and 15% were extravascular 20 min after injection.108 Following these early experi-

mental data, Munich Biotech AG (Neuried, Germany) is currently developing so-called Catioms for

the systemic delivery of anti-cancer drugs to solid tumors.105–107 However, whereas Munich

Biotech is focusing on the targeting of the tumor vasculature, the DQAsomal strategy described

in this chapter is aimed at the delivery of pro-apoptotic compounds to and into tumor

cell mitochondria.
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