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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—Iliposome-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.'* 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
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targets has only been widely recognized and found clinical utility within the past decade.®* 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.>® Liposome encapsulated doxoru-
bicin has now been clearly demonstrated safe and efficacious clinically in such malignancies as
breast and ovarian cancer,”” allowing for greater amounts of this agent to be administered than the
recommended lifetime cumulative dose of free doxorubicin, which was 450-550 mg/rnz.
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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.'®

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."’

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.'>'? 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.'?
Another means of more selectively localizing liposome-encapsulated anti-tumor agents to tumor-
associated vasculature is to add a cationic charge,lo’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)'® 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 o, B integrin on angiogenic endothelium.'®

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.'*!” 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.'”

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.'®'® Copolymer—peptide conjugates have also been developed as nano-
vectors using HPMA in combination with RGD targeting peptides,”® 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).?*** 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.”*>® 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.?>"~%°

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.>° 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.’!

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.** 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 paclitaxel®® as well as with the photodynamic therapy agent, meso-tetratphenylpor-
phine (TPP).>* Other advantages associated with the use of polymeric micelles include the ability to
control both drug targeting using immunotargeting®* and rates of drug release.*>*> 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, 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.*®
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.?” Polymeric micelles have also been
evaluated for delivery of antisense oligonucleotides using folate receptor targeting strategies.*®
Although polymeric micelle nanovectors have been used as strategies for drug delivery, it is clear
that they continue to have promise in cancer nanotechnology.

32-35
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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,”* 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.*® Like liposomes, dendrimers can also be modified by PEGylation*' 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.*

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-
posites*® and silver/dendrimer nanocomposite materials** 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.***> 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.**

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.*® 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.' 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.”

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.' 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.' 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.'~® 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.'=~>
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.”®

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.'™ 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.® 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.? For example,
the measured interstitial fluid pressure in invasive breast ductal carcinoma was 29 +3 mm Hg,
compared with 3.0 0.8 mm Hg in patients with benign tumors and —3.0£+0.1 mm Hg in patients
with normal breast parenchyma.’ 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.'® Furthermore, distribution, organization,
and relative levels of collagen, decorin, and hyaluronan also impede the diffusion of extravasated
macromolecules and particulate systems in tumors.'' 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.'%'? For example, Myocet™ 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. Myocet™ 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.'® Hepatic deposition of Myocet™ 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.'> A potentially harmful effect is the occurrence of bacteriemia during the period of
Kupffer cell deficiency. Although Myocet™ administration decreases the frequency of cardiotoxi-
city and neutropenia compared with free drug,'* there is still controversy as to whether liposomal
encapsulation exhibits equivalent efficacy to doxorubicin."

Macrophage deposition of intravenously administered liposomes can be markedly minimized
either by bilayer or surface modification.'®'® Regulatory approved examples include DaunoXome®,
a daunorubicin-encapsulated liposome 45 nm in size with a rigid bilayer for HIV-related Kaposi’s
sarcoma, and Doxil®/Caelyx®, 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
Doxil®), 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.'®'® For instance, Doxil® has a biphasic circulation half-life of 84 min and
46 hin humans. In addition, Doxil® 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.'” 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/m? doxorubicin encapsulated in long-circulating liposomes is approximately
300-fold greater than that of free doxorubicin.'” In addition, clearance and volume of distribution
are reduced by at least 250- and 60-fold, respectively.'” 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 Doxil® is palmar—plantar
erythrodysesthesis.'’

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.'®
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.'® 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.'’

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.”® Others have elabo-
rated on biochemical triggers such as cleaveable poly(ethylene glycol)-phospholipid conjugates to
generate fusion competent vesicles®' and enzyme-mediated liposome destabilization and pore
formation.??~>* Examples of the latter include long-circulating liposomes with attached protease-
sensitive haemolysin®* 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.>>** 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.**

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.'®'®!7?> 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 PoOLYMERIC NANOPARTICLES

Abraxane™ 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.”**’ Unlike Cremophor® EL/ethanol or Tween®
80-solubilized taxanes, acute hypersensitivity reactions, which are secondary to complement
activation, have yet to be reported following Abraxane™ 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
Abraxane™ . 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/m” doses of Abraxane™, 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.?® 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.?” 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).?’ 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.’® Similar to liposomes, long-circu-
lating versions of PACA nanoparticles have also been engineered for passive as well as active
targeting to solid tumors.>'

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.'® 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.'®*? 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.'®

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.”>* 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.**
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.**

QDs are made of semiconductors like silicon and gallium arsenide.*>*® 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.*”~° 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.*®
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.*

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.*' 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 micelles and dendri-
mers.** For example, Pluronics® (copolymers of ethylene oxide and propylene oxide) are capable
of forming micelles, and some members of Pluronic copolymers can overcome multidrug resist-
ance.*”> 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.*’

Dendrimers are highly branched macromolecules with controlled near monodisperse three-
dimensional architecture emanating from a central core.** 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.*®

Other macromolecular systems for cancer targeting and treatment include various forms of
monoclonal and bispecific monoclonal antibodies against tumor-associated antigens.*” These can
further be coupled to drugs, toxins, enzymes (as in antibody-directed enzyme pro-drug therapy),
cytokines, radionuclides, etc.

42,43

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,*® 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.'® 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,' and a variety of nanomedicine opportunities have recently been reviewed.” The
concept of nanoparticles as drug delivery vehicles is not new as reviews on the subject were published
nearly 20 years ago.” 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
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Targeting Delivery

Imaging Reporting

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.

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.*

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
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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).” 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.> 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).

(b)

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 ~12 nm in diameter and can carry
hydrous ferrous oxide (~5-7 nm in diameter) during its role as an iron storage system for the
body.® Alternately, proteins can be used to generate nanoparticles for carrier applications; gelatin
has been used to prepare nanoparticles.” Albumin nanoparticles have been described.® A 13-MDa
ribonucleoprotein, termed a vault, has also been identified as a nanomaterial that could be used to
deliver therapeutic and diagnostic agents.” 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(p,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.'® 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.'' Such polymers have
been studied for the development of nanoparticle delivery vehicles.'*™'* 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.'
A number of new synthetic organic polymer materials are being examined for their capacity to
generate nanoparticles useful for drug encapsulation and targeting.'® 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.'’

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.'®

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 (Fe,O3) nanoparticles can
be used to deliver anti-cancer agents.'® Fe,O5 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.?’ 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.?' Semiconductor nanocrys-
tals (quantum dots) are another example of inorganic nanoparticles. Quantum dots have exceptional
characteristics for in vivo imaging and diagnostic applications.**** However, some materials used
to generate quantum dots such as CdSe can release toxic Cd>* ions that alter ion channel function
and lead to cell death when sufficient levels are reached.”* 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 cancers® and enhancement
strategies for lipid-based nanoparticle-mediated tumor targeting have been reviewed.*® 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.?” 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.

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.? 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.*® 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).>'

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.'**? 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.> 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.>* Gadolinium ion—dendrimer nano-
particles are readily detected by CT imaging and appear to provide several advantages over
previous methodologies.>> PAMAM dendrimer nanoparticles covalently coupled with a fluorescent
label can be visualized as sites of increased retention.”® 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.’ For example,
quantum dots associated with metastatic cancer cells can be visualized using fluorescence emission-
scanning microscopy.>® Similarly, lipid-encapsulated liquid perfluorocarbon contrast media at the
site of a tumor can be detected by ultrasonic acoustic transmission.>® 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.”?

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.*® Alternately, organized complexes
akin to coacervates proposed to participate in cell structure evolution can be formed between cargo
and particle matrix.*° 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.*!

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.?” 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.'>*? In some instances, this inherent targeting can provide a means to selectively delivery
materials.*> In most cases, it is possible to modify the physical and chemical characteristics of
nanoparticles to reduce their default uptake by the RES.** 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 chemistries* are frequently used in this approach, heparan sulfate glycosaminoglycans
(HSGs) have also been shown to provide a protective coating that reduces immune detection.*
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,’’” 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.*
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.*” 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 naive 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.’® 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.’’ 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.”

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.>® 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.°*%°
The incorporation of some therapeutic or diagnostic agents into nanoparticles can further enhance
this potential for an inflammatory outcome.’® 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.>®

3.3.3 SAFreTY 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.”® 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.®® 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.®' PEGylated liposomal doxorubicin has improved tolerability with similar effi-
cacy compared to free drug.%*> Liposomal formulations of anthracyclines appear to improve the
cardiotoxicity profile of this anti-neoplastic.*> PAMAM dendrimers conjugated to cisplatin not only
improved the water solubility characteristics of this chemotherapeutic but also improve its toxicity
profile.®* 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.®’

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,*® and nanoparticles have been
shown to have a higher inflammatory potential per given mass than do larger particles.’’ 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.®’
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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.®® 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,®” and
CIH nanoparticles show differences in cell surface interactions following transformation of chick
embryo fibroblasts.”® 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.”!
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.*®

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.”> 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-p185HER?2) liposome loaded with an anti-neoplastic can be an effective
cancer therapeutic approach.”® 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.”* B-cell lymphomas can be targeted by anti-idiotypic
antibodies specific for the unique monoclonal antibody expressed by each individual cancer.”” 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.”® Such an approach is likely
to provide additional synergy in APC activation because polymer nanoparticles are efficiently
phagocytosed by dendritic cells.”” Many APCs express LDL-type receptors, and molecules that
interact with this class of receptors could be a means of targeting as well.”® Interestingly, LDL
receptors can be an attractive targeting strategy for cancers because many tumors of different
origins express elevated levels of this receptor.”® Therefore, LDL-based nanoparticles could be
useful in targeting cancer.>!

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.** 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).®! Because liver cells may lose their capacity to bind
SAgHBYV 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-cagr;cer cells of the liver.® Nanoparticles coated with galactose might also be used to target
the liver.

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.®® 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.**
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Folate has been used to target dendrimers®>*® and iron oxide nanoparticles.®” Folate receptor-

targeted lipid nanoparticles for the delivery of a lipophilic paclitaxel prodrug have shown promising
pre-clinical outcomes.®® Cancer cells can also overexpress transferrin receptors (REF), and trans-
ferrin-conjugated gold nanoparticle uptake by cells has been demonstrated.®® A transferrin-
modified cyclodextrin polymeric nanoparticle has been described that could be used to deliver
genetic material to cancer cells.”

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,”! 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.®” 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.”
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 ~ 1 cm®, 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
(i:}) can incite the release of pro-inflammatory cytokine (e.g., TNFo and IFNYy) 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. (¢) Chronic inflammation leads to breakdown of basement membrane, loss of TJ
function, and disorganization of the epithelia characteristic with a pre-neoplastic state.

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.”* Non-specific targeting of nanoparticles (10-500 nm in diameter) to
solid tumors through this EPR capacity of solid tumors*’ 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.”> The EPR effect has also been used to increase localization through inherent
targeting”® of long-circulating liposomes.”’

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.”® 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-FIk-1 antibody-coated *°Y-labeled nanopar-
ticles”. 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,'® release anti-angiogenesis agents as well as chemotherapeutics,'®' and
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antigens/agents to stimulate an anti-cancer cell immune response.'®"'%? 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.'®

Differences in tissue-specific endothelial surface properties might be used for targeting nano-
particles.'® In one such example, a peptide that binds to membrane dipeptidase on lung endothelial
cells can be used to target nanocrystals to the lung.'®> 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 o, 33 on the surface of endothelial
cells.' A peptide that interacts with the lymphatic vessel marker podoplanin can be used to target
nanocrystals to lymph vessels and some tumor cells.'” Cationic nanoparticles, containing genes
that can block endothelial cell signaling that were selectively targeted to tumor vasculature by
coupling to an integrin o3 ligand, were shown to produce endothelial apoptosis and tumor
regression.

3.5.2 MEeTAaBoLIC 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.'%®1% 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.''” 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.''" Although nanoparticles can be taken up through appendages
of the skin (sweat gland ducts, hair follicles) following topical application,''* microneedles can be
used to dramatically increase the efficiency of their uptake into and across skin.''* The intravitreous
injection of nanoparticles results in transretinal movement with a preferential localization in retinal
pigment epithelial cells,''* 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.''> A
number of factors have been examined related to regulation of nanoparticle uptake from the gut
lumen."'® 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.''” Tt 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.''® 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.''® 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.'?® 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.'*' Formulation studies have been performed to
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identify optimal methods for aerosol delivery of nanoparticles to the lung.'?* 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.'** 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.’” 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.>
Oppositely, nanoparticles can be modified, e.g., conjugation to chelators, to acquire the capacity to
transport across the blood—brain barrier or BBB.'** Alternately, nanoparticles coupled to certain
protein ligands such as apolipoprotein E can be used to target and transport across the BBB.'** 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,”® other types of nanoparticles may
provide access to this difficult-to-reach compartment.'?® 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 Olivier'?). It has even been
reported that coating nanoparticles with polysorbate 80 can facilitate brain targeting by enhancing
their interaction with brain microvasculature.'*’ Alternately, intranasal delivery of macromolecules
has been suggested to move in a retrograde fashion into the brain following uptake at the olfactory
epithelium.'*® Polylactic acid-PEG nanoparticles have been shown to transport across the nasal
mucosa'?® 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.'*
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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,'®! through caveolae
structures,'** or through uptake mechanisms that do not appear to involve clathrin or caveolae.'*
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.'**

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.'*> 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.'*¢
Because nanoparticles of several compositions have been shown to target to the mito-
chondria,"?”-'*® 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.?

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.'*” 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 MRIL*?

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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44 Nanotechnology for Cancer Therapy

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.'™ 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.>® 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.”® 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.®'* 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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FIGURE 4.1 Typical nanocarriers.

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, Ringesdorf'' 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
Duncan'? and Kocheck'?. The biocompatibility of this polymer has been well characterized,'* and
it was found to have an inert character when it was injected in the blood stream.'>'® 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 plasma'’ and has been shown to be concentrated within solid tumor models.'®'" Tt is
then cleaved intracellulary by lysosomal cysteine proteinases,” 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.>' 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
antibody?* and saccharides® 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.* 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 1990.272” 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 (AB,)) 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 7t—7t 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.%8

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.**~*° 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.*’
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.™

Another type of polymeric micelle composed poly(ethylene oxide—aspartate)block copolymer
and doxorubicin conjugate also exhibited a sustained circulation in blood,”' reduced uptake by the
RES, and more than 100 times higher accumulation in tumors in Colon-26 tumor-bearing mice.*?
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.*
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In a previous study, all-frans retinoic acid (ATRA) incorporated polymeric micelles produced a
higher AUC and lower hepatic clearance than free ATRA, demonstrating escape from the RES.**

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->"° or pH-sensitive®’ 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.>® 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-workers™’
published the first report of the synthesis of polymers with a dendritic structure that they called
cascade molecules. Newkome et al.** 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.*' 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.*'

4.2.3.2 Pharmacokinetic Properties and Applications as Drug Carriers

As far as dendrimers’ pharmacokinetics are concerned, the biodistribution of ['4C] labeled
PAMAM dendrimers after intravenous injection was determined for generation 3, 5,
and 7 PAMAM dendrimers.*? 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 [*H]-labeled neutral and positively
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charged generation 5 PAMAM dendrimers in a tumor-bearing mouse model.** 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, ['*C]-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 [3 H]-
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.** 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 1987*
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.*® 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 liposomes*’ and immuno-liposomes.**

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),*® mannose to mannose receptors expressed on macrophages,
sinusoidal endothelial cells, Kupffer cells, and dendritic cells,so folate receptors expressed on
cancer cells,”’ 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,’” 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

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.*> Gabizon and
Papahadjopoulos™ 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 [*H] labeled ATRA.>* 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.ss’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.>

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.**7® 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 Doxil®.>

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.®®°! After intravenous injection, galactosylated liposomes prepared using Gal-C4-Chol
were preferentially taken up by the liver.®? In addition, prostaglandin E®® and probucol®* 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.®®
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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.®®®® 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.®” However, muramyl dipeptide parentally administrated in
free form is rapidly cleared from the body and excreted in the urine.”® It was demonstrated that
active targeting of muramy! 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.”' Moreover, treatment with muramyl dipeptide incorporated in Man-liposomes
increased the survival of tumor-bearing mice.”"

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.* 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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FIGURE 4.2 Effect of physicochemical characteristics of macromolecules on their hepatic uptake and urinary
excretion in mice. The number in parenthesis is the molecular weight. Abbreviations in this figure are as
follows: SOD, superoxide dismutase; Man-SOD, mannosylated superoxide dismutase; Gal-SOD, galactosy-
lated superoxide dismutase; PEG-SOD, pegylated superoxide dismutase; Cat-BSA, cationized bovine serum
albumin; PEG-CAT, pegylated catalase; ODN, oligonucleotide. (From Kawabata, K., Takakura, Y., and
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 Errect 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.”*”"
Therefore, low molecular weight drugs and oligonucleotides with a lower molecular weight
undergo rapid glomerular filtration by the kidney.”®’” On the other hand, pDNA is too large to
be filtered without degradation.”®

4.3.2 Errect OF CHARGE ON THE PHARMACOKINETIC PROPERTIES

Electric charge is also an important factor in determining the pharmacokinetic properties of macro-
molecules.” 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.**"** 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.”®®* 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.”®3%#> 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 Errect OF MODIFICATION FOR CELL-SELECTIVE DELIVERY

Ligand modification for active targeting using receptor-mediated uptake markedly affects the
pharmacokinetic properties of macromolecules.* 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.® 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.?®

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 acids®® and pDNA®’
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.®® Large aggregates (>400 nm) may be readily entrapped
in the lung capillary. Mahato et al. demonstrated that cationic liposome/[**P] pDNA complexes
(lipoplexes) were rapidly cleared from the blood circulation and accumulated extensively in the
lung and liver.* In addition, [**P] 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.”®°? It is well known that IFNP exhibits anti-tumor activity. Taking
this into consideration, intravenously injected pDNA encoding IFNP complexed with cationic
liposome was found to significantly inhibit established metastatic lung tumors in CT-26 cells
inoculated into mice.”

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.®®™®® 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.”* 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.”> 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.%® reported that asialofetuin-labeled liposomes encapsulating pPDNA 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.’® In vivo gene transfer was examined by
optimizing the pharmacokinetics and physicochemical properties.”” The radioactivity in the liver
from the Gal-liposome/[>*P] 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.®® 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.”® 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.”® 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.'®
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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,>® 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 5.1' 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.

59
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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.)

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.’”'? 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.'*™”

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. '
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.?’~>* 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.”> >

Many candidate tumor markers have been described, some of which bind known ligands such
as arginine—glycine—aspartic acid (RGD)-binding 5 and v 5 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.'"**"2® 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.***° 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.>'? 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.®*3*

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.®® 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.*®*” 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.*® 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.* 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.*® Variations of this peptide with improved infectivity have also been synthesized.*'
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.*>*3

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).% 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.>***> 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.>*® 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
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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.)

in tumors.*”** Other nanoparticle cores including dendrimers, micelles, and liposomes modified
with paramagnetic gadolinium have also been used for tumor targeted MRI contrast.**~>°

Gold nanoshells offer a promising alternative to MRI probes by providing contrast for optical
imaging.*> 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).>" 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 Her2 + breast carcinoma cells in mice.”*”"

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.® 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.)

of their size-tunable excitation and emission profiles, narrow bandwidths, and high photo-stab-
ility.>*® Using nanocrystals that fluoresce in the near-infrared could extend their utility to clinical
settings,’® though a key limitation has been their potential toxicity because they are formulated
from heavy metals.”” 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.”®%°

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.®'
Air-entrapping liposomes formulated from freeze-drying techniques have also been developed to
give ultrasound contrast.®>%* 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.®* 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 MRL>*%° 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.)

delineate tumor borders during resection. Other dual-imaging probes have been described
including: perfluorocarbon emulsions tagged with gadolinium for combined ultrasound and MRI.%¢

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.”~7? 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).” 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

© 2006 by Taylor & Francis Group, LLC



(a)

Nanoassemblies exhibit:

1 Magnetic susceptibility

VT2 relaxativity

\ Diffusivity
'Latent' nanoparticles Proteolytically actuated self-assembly

(b) (c)

(d)
—=— No MMP-2 —> 10 kDa PEG

0.03-| — Scmbl cntrl . . . . . .
—0— MMP-2
T e N HEMNEN | oo
T 0.02- | S 300
particle 10r = E T2/ms
Ae i oM 200
0.01 concn./p .
st I B W WL joo

> 0 85 170 340 680 1360
MMP-2/ng/ml—>

0 30 60 90 120 150 180

t/min—

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.
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(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.”* 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.”*’> 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.’® Liposome-encapsulated doxorubicin
is a clinically approved nanoparticle formulation used for chemotherapy.”’ 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.”® Active targeting of these liposomes through the
attachment of antibodies and various ligands has also been demonstrated.**”® Drug loaded liposomes
with encapsulated or surface-functionalized gadolinium or fluorophores have been used to simul-
taneously image tumors during nanoparticle-targeted drug delivery.*52

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.”*** 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.* 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.>*®® Polymersomes are another variation of polymer-based nanoparticulate
vesicles that self-assemble from amphiphilic block copolymers.®” These have been used to encap-
sulate doxorubicin with well-controlled release over several days.%*%°

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 (PAMAMSs), are nonimmunogenic, water-soluble, and possess terminal amine
functional groups for conjugation of a variety of surface moieties.’® Their inner core can been used
to encapsulate anti-cancer drugs such as doxorubicin and methotrexate.”’ Drugs may also be
conjugated to the dendrimer surface along with ligands for targeting.”**> A dendrimer functiona-
lized with FITC, folic acid, and methoxetrate has been synthesized to have imaging, targeting, and
drug delivery capabilities (Figure 5.6).*”** The synthesis of these conjugates in a scalable and
reproducible manner has been described for potential clinical applications.*

Other nanoparticulate carriers, including nanoemulsions, drug nanocrystals, and polyelectro-
Iyte 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.”* 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
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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
images of FITC-labeled dendrimers incubated over cells with and without a targeting antibody, anti-PSMA (PA). (From Majoros, 1. J., Thomas, T. P., Mehta, C. B., and
Baker, J. R., Journal of Medicinal Chemistry, 48, 5892-5899, 2005; Thomas, T. P. et al., Biomacromolecules, 5, 22692274, 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.”

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).° 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).>
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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.”®®” Nanoparticle concentrations of 0.1-1% are required to achieve critical
temperatures for tumor ablation.”®%’ 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.'®>'°! 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.”*'%*1°! 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.”

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.”® 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.'

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.'®'%* When excited by light, these nanoparticles can produce
enough reactive oxygen species to kill tumor cells.®® 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.'®” 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.'°*'°” Atomically dense nanoparticles have been
shown to increase the absorption of x-ray radiation, enhancing their destructive effect in
surrounding tissue.'®® 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.* 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.'*!1°
This has also been demonstrated with protease-cleavable linkers that release protective polymers on
the surface of complementary nanoparticles to initiate their self-assembly.”?

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.”>!!! 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.'™ The five-year survival rate of
patients diagnosed with GBM in the United States is less than a few percent®’ 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.®® 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.'® Glioma cells and their neoplastic precursors have biologic
properties that allow them to evade a tumor associated host immune response,'' and biochemical
properties that allow them to invade the unique extracellular environment of the brain.'*'* Conse-
quently, high-grade supratentorial gliomas must be regarded as a whole-brain disease.'* 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 (*He) and recoiling lithium-7 ("Li) nuclei. For BNCT to be successful, a sufficient
number of '°B atoms (approximately 10° atoms/cell) must be delivered selectively to the tumor
and enough thermal neutrons must be absorbed by them to sustain a lethal '°B(n,a) "Li-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,'>'® and either cutaneous primaries'”’ or
cerebral metastases of melanoma.'® More recently, it also has been used to treat patients with head-
and-neck'?*° and metastatic liver cancer.?’*> BNCT is a biologically rather than physically
targeted type of radiation treatment. If sufficient amounts of '°B 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 reviews> > and monographs.'>?* 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 pg '°B/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.”?’ Among the hundreds of low-molecular-weight
(LMW) boron-containing compounds that were synthesized, two appeared to be promising. One,
based on arylboronic acids,”® 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,?” 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:BI boron ratios greater than 1 and had low toxicity. '°B-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.**"!

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

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.*” 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.**** 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,?’ or convergent growth from the terminal groups inwards
towards the core.>®® 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.’®*~**

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,*’
drugs,%‘50 toxins,>! and boron to tumors.>>™> Prior to the introduction of dendrimers as boron
carriers, boron compounds were directly attached to mAbs.”>>* It has been calculated that

Terminal groups Y = Repeating units

R = mAb, EGF, Folic acid or VEGF
Rtnnmnﬂnm\MHN

Linkers

T30 o

@ B

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 10° '°B atoms per cell (approximately 20 pg/g tumor) must be delivered to kill
tumor cells.’>>® Based on the assumption of 10° 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.>” 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 carboranes®® or polyhedral borane
anions,”” as well as the insertion of carbohydrate groups.®>®’ A major limitation of using an
agent containing a single boron cage is that a large number of sites must be modified to deliver
10* 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.®*

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);NB g
HgNCO] (3).5%%* 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).**% 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
mADb 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).%®®” The resulting bioconjugate, designated
C225-G5-B g0, 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 (+) glioma cell line F98gggr, compared to that of unmodified cetuximab.®® In vivo bio-
distribution studies, carried out 24 h after intratumoral (i.t) administration of the bioconjugate,
demonstrated that 92.3 pg/g of boron was retained in rats bearing F98ggrr gliomas, compared to
36.5 png/g in EGFR (—) F98 parental tumors and 6.7 ng/g in normal brain.®’

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.®®"°
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.

© 2006 by Taylor & Francis Group, LLC



82 Nanotechnology for Cancer Therapy

%—NHZ
H H [ ) 2_NH
NN B2\ N(CHg)s e
Q ;¥ \g’ °<§?° (CHo)s 5th generation PAMAM dendrimerO

O
o BH _n S‘-S/“\)KN%
e Y =

o)
§—NH;
g AN
Y s s
YOS
o}
HO o SPDP-G5
HO
{(}_\OH Na(CHg)sNB;qHgNCO
e
Cetuximab (C225) £ o
g Z
l NalO E—H\n/\/s ~ |
4 ST N
o)
SPDP-G5-B; 140
\ DTT
v
O\ 0
O:;_g—\ 5—0
E O OH $
\ $ H
e :—N SH
C225-CHO o
HS-G5-B11go
O 0
KMUH-G5-B4 00 ‘
_NH
[ N~ oy
H
o}

Y\/S O o \ _H \(\/S ’{O o}
N— -N= \

o) (CHy)75 N o>_o OH o} RN\(CHZ)%H,NHZ
o N}u i o

KMUH-G5-B
C225-G5-B 100 1100

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.”"”’* 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.®”"

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);NB;oHgNCO. 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.” The BSD—EGF initially was bound to the cell surface membrane and then was endocytosed,
which resulted in accumulation of boron in lysosomes.’* 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.” As will be described in more detail later on in this review, therapy studies demonstrated
that FO8ggrr-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 FO8 parental tumors following BNCT.”>~"’

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.”®® 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 y-carboxylic function to other molecules does not alter its endocytosis by FR-expressing cells.®’
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,® ribozymes, and immunotherapeutic agents to FR-positive cancers.*® To deliver boron
compounds, FA was conjugated to heavily boronated third generation PAMAM dendrimers
containing polyethylene glycol (PEG).®” 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 PEGy units had the lowest hepatic uptake in C57B1/6 mice (7.2—7.7% injected
dose [I.D.]/g liver). In vitro studies using FR (+) 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 (+) murine sarcoma 24JK-FBP, demonstrated
selective tumor uptake (6.0% 1.D./g tumor), but there was high hepatic (38.8% 1.D./g) and renal
(62.8% 1.D./g) uptake.®’

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.®®®° Inhibition of angiogenesis has yielded
promising results in a number of experimental animal tumor models.”®' The most important
molecular targets have been vascular endothelial growth factor (VEGF) and its receptor
(VEGFR).QZ’93 We recently have constructed a human VEGF,,; isoform fused to a novel 15-aa
cysteine-containing tag designed for site-specific conjugation of therapeutic and diagnostic
agents” (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);—NB(HgNCO, 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
4°C 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.)

functional activity of VEGF;,;, 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.”* 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.”

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

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.”® 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).”” 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.”®
Modification of the liposomal surface by PEGylation or attachment of antibodies or receptor
ligands, will improve their selective targeting and increase their circulation time.”®

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.”>1% 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

5nm
Hydrocarbon tails

@ = mAborligand

= PEG

Bilayer memberane Internal aqueous space

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, gliomas'®?, and squamous cell carcinomas.'®*'* 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.mi106 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 pg/g) were seen at 3 h and at 6 h, indicating that PEG-liposomes had
evaded the RES.'”” 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).'®® Cationic lipo-
somes have been widely used as carriers of biomolecules that specifically target the cell nucleus,'®”
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.''” 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 1.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.''' BSH also
has been incorporated into transferrin (TF) conjugated PEG liposomes (TF—PEG liposomes),''?
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 boranes®* and carboranes''*!''* 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.'"? In addition to BSH, carboranylpropylamine (CPA, Figure 6.7, 4)''° has been incor-
porated into conventional and PEGylated liposomes by active loading, using a transmembrane pH
gradient.''>'® 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 B H%;,
B,H HSHZ_, B,oH 17OH4_, and BZOH?Q, and the normal form and photoisomer of B20H%§, also
have been encapsulated into small unilamellar vesicles with mean diameters of 70 nm or less.'”~'%°
These were composed of the pure synthetic phospholipids, distearoyl phosphatidylcholine, and
cholesterol."'” 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 pg boron/g, with a T:Bl ratio of
greater than 3. Two isomers of B,yH7g attained boron concentrations of 13.6 and 13.9 ug/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.'"”

To examine the effect of charge and substitution on the retention of boranes, two isomers
[B20H17NH3]3_ and [1-(2’-BIOHg)-Z-NH3B10Hg]3_ (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-B1oHo)-2-NH3BoHg]* ~ (5), [n-BaoH 5>~ (6),
[BooH-SHI* ™ (7), Nas[a2-B,oH;7,NH,CH,CH,NH,] (9) and boronated water soluble acridine (WSA, 11)
were encapsulated into the aqueous core. K[nido-7-CH3(CH,);5-7,8-C,BoH;;] (8) and cholesteryl 1,12-
dicarba-closo-dodecaboranel-carboxylate (10) were incorporated into the lipid bilayer of liposomes.

borane anion [7-BoH;g]? ™~ (6).!'%!1° 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]3 ~ had excellent tumor uptake and selectivity in EMT 6
tumor bearing mice, even at very low 1.D.s, and this resulted in peak tumor boron concentrations of
30-40 pg B/g and a T:BI ratio of approximately 5. Due to low boron retention of liposomal
Najz[B,oH19] and Na4[ez—B20H17OH] and rapid clearance of liposomal [2-NH3BoHo] , the
enhanced retention of liposomal Nas[ae-B,oH;7NH;3] 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 NH;-substituted [n-BooH s~ electrophilic anion, [ByyH{7NH3] . Another
anion [ae—B20H17NH3]3 ~ 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 pug B/g tumor.

[BooH;-SH]* ™ (7), a thiol derivative of [BooH;g]* ™, possesses a reactive thiol substituent and
this can be oxidized into the more reactive [B20H17SH]27 anion. Both of these were considered to
be essential for high tumor boron retention'?’ 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 [.D.s, tumor boron concentrations increased throughout the duration of the
experiment, resulting in a maximum concentration of 47 pug B/g tumor at 48 h, which corresponded
t022.2% 1.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(CH,);5-7,8-C,BoH;{] (8) in the lipid bilayer and Nas[a2-B,oH;
NH,CH,CH,NH,] (9) in the aqueous core were produced as a delivery agents for NCT mediated
synovectomy.'?! Biodistribution studies were carried out in Louvain rats that had a collagen-
induced arthritis. The maximum synovial boron concentration was 29 ng/g tissue at 30 h and
this had only decreased to 22 pg/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(CH,),5-7,8-C,BoH ]
embedded in the lipid bilayer. Liposomes were formulated with a 3:3:2 ratio of DSPC to Ch to
K[VlidO-7-CH3(CH2)]5-7,8-C2B9H1 1] in the llpld bilayer and Na3[a2-B20H17NH2CH2CH2NH2] was
encapsulated in the aqueous core. The boron concentration in the synovium reached a maximum of
26 ng/g at 48 h with a Syn:Bl ratio of 2, following which it slowly decreased to 14 pg/g at 96 h at
which time the Syn:Bl ratio was 7.5."*'

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.]zzf124 Glioma cells, which absorb more cholesterol, have been reported to take up more
LDL than the corresponding normal tissue cells.'*>~'?” 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.'?®

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,'*’
EGF, " folate,"®' and transferin,''* 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 '°B compounds.'**'**> The maximum number of '°B atoms attached
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FIGURE 6.8 Proposed mechanism of intracellular boron delivery based on receptor-mediated tumor cell
targeting. Liposomes loaded with a boron compound (A) are conjugated to a targeting ligand (e.g., folate,
transferrin (TF), or anti-EGFR antibody). These bind to receptors on the cell surface (B), following which they
are internalized by receptor mediated endocytosis (C) into the acidified endosomal/lysosomal compartment.
The boron compound then is released (D) into the cytosol by liposomal degredation, endosome/lysosome
disruption or liposome—endosome/lysome membrane fusion.

per molecule of mAb was approximately 1.2x 10*. 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.'** This was dependent upon the liposomal concentration of
the '°B-compound and on the number of molecules of mAb conjugated to the liposomes. Immu-
noliposomes containing either (Et4N),B;ogH;¢ and linked to the mAb MGb 2, directed against
human gastric cancer'>>!13¢ or water-soluble boronated acridine (WSA, 11) linked to trastuzumab,
directed against HER-2, have been prepared and evaluated in vitro.'?® There was specific binding
and high uptake of these immunoliposomes, which delivered a sufficient amount of '°B to produce a
tumoricidal effect following thermal neutron irradiation.

6.6.3.2 Folate Receptor-Targeted Liposomes

A highly ionized boron compound, Na3;B,oH;7,NHj3, was incorporated into liposomes by passive
loading."*""'*”!3® 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 pg/g), which attained a maximum at 24 h, while the T:BI
ratio reached a maximum at 72 h. Additional studies were carried out with the lipophilic boron
compound, K[nido-7-CH3(CH,);5-7,8-C,BoH;;. This was incorporated into large unilamellar
vesicles, approximately 200 nm in diameter, which were composed of egg PC/Chol/K[nido-7-
CH5(CH,);5-7,8-C,BoH;;] 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.'*® 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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FIGURE 6.9 Structures of five weakly basic boronated polyamines encapsulated in FR-targeting liposomes.
Two spermidine (12, 13) and three spermine derivatives (14-16) that contain hydrophilic amine groups and
lipophilic carboranyl cages had DNA-binding properties.

five weakly basic boronated polyamines were evaluated (Figure 6.9). Two of these were the
spermidine derivatives N°-(4-carboranylbutyl)spermidine-3HCI (12) and N°-[4-(2-aminoethyl-o-
carboranyl)butyl] spermidine -4HCI (13). Three were the spermine derivatives N°-(4-o-carboranyl-
butyl) spermine-4HCI (14), NS-[4-(2-aminoethyl-o-carboranyl) butyl] spermine-5HCI (15), and
N° N'"°-bis(4-o-carboranylbutyl) spermine-4HCI (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 10°~10° of WSA molecules were encapsulated. These liposomes
had EGFR-specific cellular binding to cultured human glioma cells'**'*° 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.'"!

6.7 BORON DELIVERY BY DEXTRANS

Dextrans are glucose polymers that consist mainly of a linear o-1,6-glucosidic linkage with some
degree of branching via a 1,3-linkage."**'*? Dextrans have been used extensively as drug and
protein carriers to increase drug circulation time.'**'** 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,'® B-decachloro-o-carborane derivatives, in which
one of the carbon atoms was substituted by -CH,CHOHCH,-O-CH,CH=CH,, were epoxidized
and then subsequently bound to dextran with a resulting boron content of 4.3% (w/w)."*” The
modified dextran then could be attached to tumor-specific antibodies.'*’~'*° BSH was covalently
coupled to dextran derivatives by two methods.">! 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).'°*'3* Bioconjugates, having a small number
of BSH molecules, attained maximum in vitro binding at 4 h with the human glioma cell line U-343

FIGURE 6.10 Preparation of EGF-targeted, boronated dextrans. The bioconjugate was prepared by a free-
radical-initiated addition reaction between multiallyl dextran derivatives and BSH or thiolated EGF at 50°C
using K,S,0g as an initiator.
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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(+)
tumors compared to wildtype EGFR(—) CHO tumors.'>’

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.’*'*® The protein-binding polyhedral boron deriva-
tives, isocyanatoundecahydro-closo-dodecaborate (B ,H; lNCOZ_), 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.”® 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 6x 10
boron atoms with retention of its immunoreactivity.'>®

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-(p-glutamate p-lysine) (poly-GL) via a heterobifunctional agent.'>” 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.'*® 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.'*°

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.'®>'®! Proteins such as
insulin, insulin-like growth factor (IGF), TF,'%? 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.'®*'®* 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.''*

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.”>"'®> 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% 1.D. localizing
in the tumor. Intracarotid (i.c.) injection with or without BBB disruption increased the tumor uptake
from 0.34 to 0.45% 1.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. %3
Direct i.t. injection of boronated EGF (BSD-EGF), on the other hand, resulted in tumor boron
concentrations of 22 pg/g compared to 0.01 pg/g following i.v. injection and almost identical boron
uptake values were obtained using the FO8pg glioma model.”” 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 FO8ggrr glioma in syngeneic Fischer rats. F98ggrr
glioma bearing rats that received BSD-EGF i.t. had a MST of 45+d compared to 33+2 d in
animals that had EGFR(—) 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
57 +8 d compared to 3942 d for i.v. BPA alone.”” 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.'®®~'%® 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 (Vy) is a linear function of the volume of the infusate (V;). CED has been
used to efficiently deliver drugs and HMW agents such as mAbs and toxin fusion proteins to brain
tumors.'®*~'7® CED can provide more homogenous dispersion of the agent and at higher concen-
trations than otherwise would be attainable by i.v. injection.'® For example, in our own studies,
CED of '**I-labeled EGF to F98pg glioma-bearing rats resulted in 47% 1.D./g of the bioconjugate
localizing in the tumor compared to 10% 1.D./g in normal brain at 24 h following administration.
The corresponding boron values were 22 and 2.9-4.9 ng/g, respectively.’® Based on these results,
therapy studies were initiated. F98ggrr glioma-bearing rats that received BD-EGF by CED had a
MST of 53413 d compared to 40+ 5 d for animals that received BPA i.v.”* Similar studies have
been carried out using either boronated cetuximab (IMC-C225) or the mAb L8A4,"1172 which is
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specifically directed against the tumor-specific mutant isoform, EGFRVIII, and comparable results
were obtained.'”? 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 (+) 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 EGEFR targeting agents could move forward.

Both direct i.t. injection'’*'”> and CED'"*'7®"'" 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 pg/g and normal brain concentrations of less than 5 pg/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 nanotechnology'®*'8! 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,'®* 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 (*He) and recoiling
lithium-7 ("Li) nuclei. For BNCT to be successful, a sufficient number of '°B atoms (approximately
10° atoms/cell) must be selectively delivered to the tumor and enough thermal neutrons must be
absorbed by them to sustain a lethal '°B(n,a) "Li 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, directi.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
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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.'™ 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.’
In general, surface area, rather than mass, provides a better fit of dose-response relationships in
toxicity studies for particles of various sizes.®’ 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.*’
Additionally, proteomics and toxicogenomics can be employed to potentially identify biomarkers
of toxicity related to nanomaterial exposure.'®

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.'' 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:

e Organic nanoparticles (e.g., dendrimers, polymers, functionalized fullerenes)

e Inorganic nanoparticles and organic—inorganic hybrids (e.g., iron oxide core particles,
quantum dots)

e 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.'*'*
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FIGURE 7.2 Physicochemical characterization methods and instrumentation for small molecules and
nanotechnology.

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,'” 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.'® 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.'”'® 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 nanoparticles'® 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.”® 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.?'** Larger particles 70-200 nm
often remain in circulation for extended times.”*** 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.** Particle size can be
precisely tuned to take advantage of this phenomenon and passively target and deliver a therapeutic
payload to tumors.?>

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)*® and small-angle neutron scattering (SANS)®’ 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).*

The hydrodynamic size of nanoparticles can also be measured with AU, which is traditionally
used to measure the size of proteins.>' 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.*® 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.”’ The negatively charged nanoparticles were also cleared more slowly from the
blood compared to positively charged species, following intravenous administration to rats.*®
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.*?

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.’*** 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,''> and has been observed in engineered nanoparticles such as
fullerenes, single walled nanotubes (SWNTs), and quantum dots.®*®~** Studies have shown a direct
correlation between nanoparticle surface area and ROS-generating capacity and inflammatory
effects."!

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.*’

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 antibodies'®*® 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.*’ 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.*®
Characterization of the inhomogeneity in ligand distribution is very important for efficacy as
well as testing batch-to-batch reproducibility.*” 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.’® 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.”> 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 37°C. 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.>*

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.”® 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 Cd*>™ jons into the bloodstream.’® 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.”” Other studies suggest that under physiological conditions,
appropriately coated quantum dots do not expose the host organism to toxic levels of the core
material.**°° 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 reactions®'-°*; 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.®® 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.®* 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.*! The standardization of
these experimental variables should limit inter-laboratory variability and make data generated
more comparable.

7.3.2 IN VITRO TARGET-ORGAN ToOXICITY

A recently published report from the International Life Sciences Institute Research Foundation/Risk
Science Institute Nanomaterial Toxicity Screening Working Group’® 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.®>°7 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.*® Hepatic uptake has also been shown to be a primary mechanism of hepatic clearance for
parenterally administered fullerenes, dendrimers, and quantum dots.”*%>-’" 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.”’ 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.””

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.”>~">
Hep-G2 cells were chosen since they are a readily available hepatocyte cell line with high meta-
bolic activity.”® 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.”” 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.”*®" 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.®®#!#2 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.®>54

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.®> 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 CyroToxicity

Cell viability of adherent cell lines can be assessed by a variety of methods.®® 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.®” 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.*®*® 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.”

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.”’ 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.gz’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.>> 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.®*

4. Cell cycle analysis is conducted using propidium iodide staining of DNA and flow
cytometry.” 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 Gl-associated
cdks and cyclins.”®

7.3.4 OXIDATIVE STRESS

The generation of free radicals by nanomaterials is well documented.®””® 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 2092100 gyric et al., for example, determined
ROS to play an important role in cytotoxicity of quantum dots that have lost their protective
coating.'®! The unique surface chemistries, large surface area, and redox active or catalytic
contaminants (e.g., metals, quinones) of nanoparticles can facilitate ROS generation.'®* For
example, fullerenes can perform electron transfer (phase-I pathway) or energy transfer (phase-II
pathway) reactions with molecular oxygen following photoexcitation,** 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)."% Evidence of fullerene-
induced oxidative stress includes lipid peroxidation in the brains of exposed fish and treated rat liver
microsomes.**'* Additional biomarkers of oxidative stress include a decrease in the reduced
glutathione/oxidized glutathione ratio (GSH/GSSG), DNA fragmentation, and protein
carbonyls.'?

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.'® 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, ). Superoxide can then undergo superoxide dismutase (SOD)-catalyzed
dismutation to hydrogen peroxide (H,0,). H,O; 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 H,O, can result in a loss of glutathione homeostasis. GSH can be
regenerated by glutathione reductase (GR). (3) Alternatively, hydrogen peroxide can undergo transition metal
Fe ™ *)-catalyzed Fenton chemistry to form the highly reactive hydroxyl radical (HO") that is capable of
initiating lipid peroxidation and DNA/protein oxidation.

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.'”” The dithionitrobenzene
(DTNB) assay is used for evaluation of glutathione homeostasis. In the DTNB assay, reduced GSH
interacts with 5,5'-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.'%®

7.3.5 AproprtOSIS 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.'” In vitro studies have demonstrated the ability of nanoparticles, such
as dendrimers and carbon nanotubes, to induce apoptosis.''®™'? 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.''? Pretreatment of cells with a general caspase
inhibitor (zVAD-fmk) reduced the apoptotic effect of the cationic dendrimer.''* 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.''* 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 (Apax = 505 nm).!'> 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.''®

Evidence supports a role for ROS in generation of the mitochondrial permeability transition via
oxidation of thiol components of the permeability transition pore complex.''” 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.”® 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.''®
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.!®"!!"® 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.'?*!'*! 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.'* 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.'?

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.'** 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).'*> Our laboratory measured loss of mitochondrial membrane potential in rat hepatic
primaries, and Hep-G2 and LLC-PK1 cell lines, using the 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazolcarbocyanine iodide (JC-1) assay, which is a convenient assay that does not require
mitochondrial isolation or use specialized equipment.'?® 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.
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7.3.6 ProTEOMICS AND TOXICOGENOMICS

Proteomics and toxicogenomics are useful tools for identifying the mechanisms underlying
toxicity.'*” 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.'?®
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.'?® 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."**'*! 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.'**'** 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
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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% [STDg]).
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.'** 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.®”% 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

Histopathology Hematology

Brain Pancreas Salivary gland Erthrocyte count (RBC)
Lymph node Esophagus Parathyroid Hemoglobin (HGB)
Thyroid Trachea Adrenal Hematocrit (HCT)
Pituitary Heart Kidney Mean corpuscular volume (MCV)
Thymus Gall bladder Liver Mean corpuscular hemoglobin (MCH)
Spleen Lung Duodenum Mean corpuscular hemoglobin conc. (MCHC)
lleum Rectum Stomach Platelet count (Plate)
Cecum Colon Jejunum Reticulocyte count (RETIC)
Lymph node Epididymis Ovary Total leukocyte count (WBC)
Prostate Seminal vesicle Testis Differential leukocyte count
Urinary bladder Uterus Eye Nucleated red blood cell count
Hardian gland Nasal sections Femur
Femur Vertebra Spinal cord
Mammary gland Skin/subcuits Tongue
Clinical Chemistry
BUN AST ALT
GGT GLUC Creatinine
total protein Albumin Globulin
A/G Sodium Potassium
Chloride

FIGURE 7.3 Panel of tissues and chemistries to be assessed for comprehensive toxicology.
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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.'*> Nephrotoxicity and
hepatotoxicity, as determined by histopathology and serum enzyme markers, have both
been observed in mice treated orally with nano-zinc.”*%*

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.** 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.'*® 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.'>’ '
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.'*°~'** 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.'**~'*® 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.'*” 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.'>*™'>> 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.'*”"'>® 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 19 +4%
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.'>’ Similarly, folate-coated and PEG-coated Gd nanoparticles did not
aggregate platelets or activate neutrophils.'>® 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 particles®,
liposomes'**'%°, solid lipid'®', and iron oxide nanoparticles.'®* 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.'®® 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.'®*

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.®'®*!%% Gel filtration was applicable to
liposomes, ' 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.'®® 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.'®?
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.'®® The initial adsorption of plasma
proteins such as components of complement and immunoglobulins promotes nanoparticles clear-
ance.'®'” 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
APCHS50), 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 assay'®® 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 tags®'® 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 particles® 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) (b)

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.'’® 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.'”'~'”3 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.'”® The patient’s immune response to recombinant
erythropoietin product Eprex® has been reported to induce pure red cell aplasia.'”"'"%!"* In the latter
example, cross-reactivity tests indicated that antibodies generated against Eprex® could also neutral-
ize other forms of erythropoietin products such as Epogen®, NeoRecormon®, and Aranesp™ and
suggested that antibodies are directed against some specific conformation of the erythropoietin active
site.!”® 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.'’>"'7® 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.' 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
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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.”

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 Cgo;’® fullerene induction/inhi-
bition of oxidative stress and lipid peroxidation in isolated microsomes, dermal fibroblasts, and
cultured cortical neurons;”’~”® cytotoxicity of metal oxide nanoparticles to BRL 3A liver cells;*
and macrophage apoptosis after exposure to carbon nanomaterials and ultrafine particles.®'~**
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.’*%7 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 data®”-%.

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.®® 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:

e Are nanomaterials and nanotechnology new to the United States Food and Drug
Administration (FDA)?

e 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?

e 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
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TABLE 8.1

Nanomedicines: Drugs/Devices FDA Approved and in Development

Name

Magnevist®®
Feridex®*
Rapamune

Emend®®
l®c

®c

Doxi

Abraxane®®

SilvaGard®
AmBisome®®
Leunesse®
NB-001¢
VivaGel®

INGN-401°¢
Combidex®®
IT-101°¢
Dendrimers®

Nanoshells®

Fullerenes®
Quantum dots®

Structure

PIO

SPIO

Nanocrystal drug
Nanocrystal drug
Liposome-drug encapsulation
Nanoparticulate albumin

Silver nanoparticles

Liposome-drug encapsulation
Solid lipid nanoparticles
Nanoemulsion

Dendrimer

Drug-liposome complex
USPIO
Drug—polymer complex

Polymeric spheres, multifunctional

Metal shell, SiO, core

Carbon sphere, Cg, multifunctional

CdSe® nanocrystal

Company

Shering AG

Adv.Magnetics

Wyeth

Merck

Ortho Biotech

American Pharmaceutical
Partners

AcryMed

Gilead Science
Aano-therapeutics
NanoBio Corp

Starpharma Holdings Ltd.

Introgen Therapeutics
Advanced Magnetics
Insert Therapeutics
Dendritech Nanotech.,
Starpharma
Nanospectra

C Sixty
Evident Technologies

Size (nm)

<1
120-180
100-1,000
100-1,000
=100
~130

=10

45-80
N/A
=150
N/A

N/A

20-50

N/A

>1 to <500

100-200

1
2-10

Phase

APP
APP
APP
APP
APP
APP

APP

APP

On market
Phase 11
Phase 1

Phase |
NDA filed
IND filed
IDV

IDV

IDV
IDV

Indication

MRI tumor imaging

MRI tumor imaging

Immunosuppressant agent

Nausea

Metastatic ovarian cancer

Non-small-cell lung cancer, breast cancer,
others

Antimicrobial surface treatment (medical
devices)

Fungal infections

Cosmetics

Topical microbicide for herpes labialis

Vaginal microbicide (STI and HIV
prevention)

Metastatic lung cancer

MRI tumor imaging

Metastatic solid tumors

Diagnostic, contrast agents, microbicide,
drug delivery, B neutron capture

Photo-thermal ablation therapy /imaging
tumors

MRI contrast agent, antiviral, antioxidant

Optical imaging, tumor imaging,
photosensitizer

Reference®

3-5
5-9
10-12
13,14
15-17
18-20

21-23

24-26
N/A

27-30
31-34

35-38
39-42
43,44

45-54

55-58

59-67
68-74

b

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.

# 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.

¢ Drugs with proposed or proven diagnostic or therapeutic benefit to cancer patients.

4 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 (Magnevist®, tumor contrast agent),S_5 ferumoxides (Feridex®, tumor contrast
agent),”™ liposomal doxorubicin (Doxil®, chemotherapeutic),'>~"” and albumin-bound paclitaxel
(Abraxane®, 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.”°
The leading MR contrast agent, Magnevist®, a paramagnetic, gadolinium-based contrast
medium, and Feridex®, 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.*”

Another early nanomedicine, liposomal encapsulated doxorubicin (Doxil®), 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.’' 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.'>™'” 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.'” 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, Abraxane®, 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.'® 2 Initially identified as (ABI-007), this chemotherapeutic agent that is approved for
the treatment of metastatic breast cancer eliminates the excipient Cremophor™ 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.”® 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,”” 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.

Inresponse 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
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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, alist 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.

Prototvpe FDA filling/

Basic desi r)]’F:)r Preclinical Clinical development approval &
research esig development P launch
discovery .

preparation

Safet Matesl:?d;?r?t'on In vitro Human Safety
atety activity » and animal » and animal follow
relationship testing testing up

g In vitro and

-8 :c;/rI\:rou?:r In vitro Human

¢ Medical morz:iel =) andanimal mp efficacy

£ utility - models evaluation

a8 evaluation

Physical Characterization Mar;lcj::flz?l::rmg Mass

Industrial- design » SToac:tiﬁif » refined » production
ization P specifications

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. TiO, 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
TiO, and ZnO that may or may not be in the nano size range. Therefore, to assess the
particle size of TiO, 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 RecuLATIONS 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 Starburst® 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.”** 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.” ¢

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.””*° 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.”® "% PEG-conjugation to the dendrimer particle surface significantly increased the blood
half-life and diminished the liver accumulation of dendrimer particles.”® 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.'®' 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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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.

Clinical development FDA filing/
Basic > Prototype > Preclinical P \ approval &

design or
research di development launch
Iscovery Phase 1 Phase 2 Phase 3 preparation

Industry - FDA Pre-IND meeting End of Safety update
interactions

phase
during

development

2a meeting

Initial Market

IND End of phase application
submissions 2 meeting submission
Ongoing Pre-BLA or NDA
submission meeting

| | |
! IND review phase ! Application
review
phase

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. Magnevist® (Schering Aktiengesellschaft, Berlin, Germany)

2. Feridex® (Advanced Magnetics, Inc., Cambridge, Massachusetts, U.S.A.)

3. Rapamune® (Wyeth, Madison, New Jersey, U.S.A.)

4. Emend® (Merck & CO., Inc., Whitehouse Station, New Jersey, U.S.A.)

5. Doxil® (Ortho Biotech Products, L.P., Bridgewater, New Jersey, U.S.A.)

6. Abraxane® (American Pharmaceutical Partners, Inc., Schaumburg, Illinois, U.S.A.)
7. SilvaGard® (AcryMed, Beaverton, Oregon, U.S.A.)

8. AmBisome® (Gilead Sciences, Inc., Foster City, California, U.S.A.)

9. Leunesse® (Nanotherapeutics, Inc., Alachua, Florida, U.S.A.)
10. VivaGel® (Starpharma Holdings, Ltd., Melbourne, Australia)
11. Combidex® (Advanced Magnetics, Inc., Cambridge, Massachusetts, U.S.A.)
12. Cremophor® (BASF Aktiengesellschaft, CO., Ludwigshafen, Germany)
13. Starburst® (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.'™ 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.® The first general group, the anti-angiogenic agents, inhibit tumor-
induced neovascularization by preventing proliferation, migration, and differentiation of
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endothelial cells.” Anti-angiogenic drugs have been carried through substantial development to
clinical trials.”"'°'? Bevacuzimab (Avastin), an anti-vascular endothelial growth factor (VEGF)
monoclonal antibody, has been approved for the treatment of colorectal cancer.'® The second type,
the antivascular agents, cause rapid and selective occlusion of existing tumor blood vessels, leading
to tumor ischemia and extensive hemorrhagic necrosis.”'*'> Although still in preclinical develop-
ment, antivascular-targeted therapeutics produce a characteristic pattern of necrosis after
administration to mice and rats with solid tumors.'®!” They cause a widespread central necrosis
that can extend to as much as 95% of the tumor.'¢'®

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).'?° Other modifications have supported delivery of drugs, tumor enzyme-
cleaved prodrugs, and therapeutic radionuclides.”’ 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.?? Polymer conjugates bearing
targeting ligands often demonstrate high tumor affinity via multivalent interactions.>> Relative
to smaller molecular platforms, they can also carry higher diagnostic and therapeutic agent
payloads (Figure 9.1).

Biological Payload (Diagnostic or Therapeutic)

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.>> Except in wound healing or in the female reproductive tissues, only 0.01% of
normal endothelial cells are involved in angiogenesis.”** In contrast, angiogenesis is both essen-
tial for tumor growth beyond 1-2 mm size and is highly specific for neoplasia.?®*’ Indeed, a highly
significant statistical correlation has been shown between microvessel density and clinical stage,
histopathology stage, and disease-specific survival.**?

The induction of angiogenesis—the angiogenic switch—is an important early event in tumor
progression and propagation.®®*' The switch to an angiogenic phenotype is tightly regulated by a
balance between endogenous anti-angiogenic®>>* and pro-angiogenic®>*® 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.>”*® 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.>*=°

During normal angiogenesis such as during reproduction, development, and wound healing,
new vessels rapidly mature and stabilize.>* 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.**** 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) effect®” 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.*>*® 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 Ligand® Reference
ayP3 integrin RGD 53
Aminopeptidase N (CD13) NGR 54
Vascular endothelial growth factor Anti-VEGF antibody (Bevacizumab) 13
ayP; integrin Anti-oyB5 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 194, 195
mobility group protein 2)
Heparan sulfates CGKRK, CDTRL 196
Unknown SMSIARL 197
Kallikrein-9 CSRPRRSEC 196
Platelet-derived growth factor receptor-f CRGRRST 198

# Single amino acid codes for peptides (see list of abbreviations at end of chapter for details).

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)*’ and in vivo techniques (e.g., biopanning of
phage display libraries).**** Many of these targets are the subject of reviews by Ruoshlathi and
others, 43:4447:50

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 oy 3 integrin antagonists
(Table 9.2).'%2%32 Tumor vascular targeting peptides have been used to deliver chemotherapy
(Table 9.3) given that they selectively target tumor angiogenesis’>* and are internalized once
bound to cell surface receptors.”>° The most important classes of angiogenic targets and pertinent
imaging and therapy studies are briefly discussed below.

9.3.1 VEGF AnD VEGF REcCEPTORS

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.%*78 VEGF receptor inhibitors have been shown to have anti-tumor effects.’**° 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. °

9.3.2 AMINOPEPTIDASES

Aminopeptidase N (APN) (also known as CD13) is a membrane, spanning 140 kD cell surface
protein® that plays a role in tumor invasion.®*®* 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(RGD{Y) I-125 VB3 integrin Murine osteosarcoma 117

Gluco-RGD 1-125 aVP3 integrin M21 human melanoma 120

Galacto-RGD F-18 VB3 integrin M21 human melanoma 121

¢(RGDf(N-Me)V) F-18 o VB3 integrin DLD-1 human colon 199
adenocarcinoma

DOTA-c(RGDyK) Cu-64 VB3 integrin MDA-MB-435 human 118
mammary carcinoma

HYNIC-RGD4C Tc-99m a VB3 integrin Human renal adenocarcinoma 200

FB-c(RGDyK), F-18 VB3 integrin U87MG human glioblastoma 136

DOTA-c(RGDyK), Cu-64 aVP3 integrin MDA-MB-435 human 135
mammary carcinoma

HYNIC-E-c(RGDfK), Tc-99m VB3 integrin OVCAR-3 human ovarian 107
carcinoma

DOTA-E- ¢(RGDfK), In-111 VB3 integrin OVCAR-3 human ovarian 107
carcinoma

DOTA-E{E- ¢c(RGDfK),}, Cu-64 VB3 integrin U87MG human glioblastoma 137

FB-PEG-c(RGDyK) F-18 a VB3 integrin U87MG human glioblastoma 140

DOTA-PEG-c(RGDyK) Cu-64 VB3 integrin U87MG human glioblastoma 141

DOTA-PEG-E-c(RGDyK), Cu-64 a VB3 integrin Human female lung 201
adenocarcinoma

HPMA copolymer-RGD4C Tc-99m VB3 integrin DU145 & PC-3 human prostate 23, 178
carcinoma

HPMA copolymer-RGDfK In-111 VB3 integrin Murine lewis lung carcinoma 181

CGS27023A F-18 MMP Murine ehrlich breast tumor 85, 87

SAVO3M F-18 MMP Murine ehrlich breast tumor 87

D-Tyr-HWGF 1-125 MMP-2, MMP-9 Murine lewis lung carcinoma 83

DOTA-HWGF Cu-64 MMP-2, MMP-9 MDA-MB-435 human 90, 91

mammary carcinoma
Magnetic resonance imaging

Anti-oVB3 antibody (LM609)- Gadolinium VB3 integrin Rabbit V2 carcinoma 126
liposome

Anti-oVB3 antibody (DM101)- Gadolinium VB3 integrin Rabbit corneal micropocket 127
nanoparticle model

a VB3 peptidomimetic antagonist- Gadolinium VB3 integrin Rabbit V2 carcinoma 110

nanoparticle
Optical imaging

Cy5.5-c(RGDyK) Cy5.5(NIR dye)  aVP3 integrin U87MG human glioblastoma 111
Cy5.5- E- ¢(RGDyK), Cy5.5 aVB3 integrin U87MG human glioblastoma 129
Cy5.5-E{E- ¢(RGDfK),},» Cy5.5 VB3 integrin U87MG human glioblastoma 129
Cy5.5-GPLGVRGK-PEG-PLL Cy5.5 MMP-2 HT1080 human fibrosarcoma 94
NIRQ820-GVPLSLTMGC-Cy5.5 CyS5.5 MMP-7 HT1080 human fibrosarcoma 97

containing an Asn-Gly-Arg (NGR) motif.>* NGR peptides have been used to deliver chemothera-
peutic agents®* and pro-apoptotic peptides® 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.®*
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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.®® 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.®’”

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.®®"° The two most important MMPs in
cancer progression are MMP-2 (gelatinase A) and MMP-9 (gelatinase B).”""? 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.”®

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.”> Several small molecule MMP inhibitors such as the sulfonamide—hydroxamate
compound CGS 27023A are currently in clinical trials.®"47¢

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.”’

MMP-substrate-doxorubicin conjugates are found to be preferentially metabolized in murine
fibrosarcoma xenografts relative to plasma and cardiac tissues.”® 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 64
carcinoma
mPEG-GPLGV- Doxorubicin MMP-2, MMP-9  Murine lewis lung carcinoma 79
doxorubicin
Albumin- GPLGIAGQ- Doxorubicin MMP-2, MMP-9  A375 human melanoma 82
doxorubicin
PLGL-doxorubicin Doxorubicin MMP-2, MMP-9  HT1080 human fibrosarcoma 78
RGD4C-doxorubicin Doxorubicin ayPs integrin MDA-MB-435 human mammary 64
carcinoma
RGD4C-doxorubicin Doxorubicin ayP; integrin MH134 murine hepatoma 132
RGD4C-AFK-doxorubicin Doxorubicin ayPs integrin HT1080 human fibrosarcoma 130, 131
E-c(RGDyK),-paclitaxel =~ Paclitaxel ayP; integrin MDA-MB-435 human mammary 202
carcinoma
PTK787-albumin-PEG- PTK787 (kinase ayPs integrin Human umbilical vein endothelial cells 21
¢(RGDfK) inhibitor)
¢(RGDfC)-PEG-liposomes 5-FU ayP; integrin Murine B16F10 melanoma 185
RGD-PEG-liposomes Doxorubicin ayPs integrin Murine B16F10 melanoma 203
¢(RGDfC)-PEG- Doxorubicin ayP; integrin Cl-66 murine metastatic mammary 186
nanoparticles tumor carcinoma
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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.”®

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.”®
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 mMPEG-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.”®

An interesting strategy to deliver drug therapy by EPR was investigated using a maleimide—
doxorubicin conjugate of an octapeptide MMP substrate (GPLGIAGQ).®® The water-soluble
substrate was designed to form an in situ complex with an albumin thiol (cysteine-34).®' 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.*> 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)."**° I-125 labeled cyclic
decapeptides containing HWGF have shown relatively disappointing results in mice bearing Lewis
lung carcinoma.®® 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.®* More promising results have been obtained with '*F and ''C labeled MMP inhibitors
developed for positron emission tomography (PET) imaging.®*® In vitro studies showed no loss of
MMP inhibitory activity of the radiolabeled compound as compared to the parent compound.®**’
Dynamic microPET images of tumor-bearing mice showed substantially higher tumor uptake than
other background organs.®®*° The cyclic HWGF peptide has been conjugated with a 1,4,7,10-tetra-
azacylcododecane-N,N',N" N"-tetraacetic acid (DOTA) chelate to enable **Cu PET imaging.”®"
Studies of the ®*Cu labeled peptide in a murine breast cancer model showed improved pharmaco-
kinetics, tumor accumulation, and metabolic stability relative to a comparable 1251
radiolabeled peptide.

""In-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.°% Unfortunately, '''In-DTPA-N-TIMP-2 yielded disappointing results with insignifi-
cant tumor uptake in clinical studies in patients with Kaposi’s sarcoma.”*

Optical imaging methods to assess MMP activity has been achieved using a NIR fluorescence
probe attached to a MMP-2 substrate.”*® 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.”* 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.”* 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.”’ 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.”®® This
group consists of at least 25 integrins through the pairing 18 o« and 8 3 subunits. They mediate cell
adhesion, ' help in cell migration during metastasis, ' and regulate cell growth.102 oy B3, ovPs,
and 0%5[31 iGntegrins are upregulated in angiogenic endothelial cells and are essential for angiogen-
esi S.] 3-10

High affinity a5 (and oy Bs) selective ligands containing the tripeptide Arg-Gly-Asp (RGD)
have been identified by phage display studies®> and have been used to deliver chemotherapeutic
agents,* pro-apoptotic peptides,®® and radiotherapy'®”'®® to tumor tissues. RGD peptides and
RGD mimetics'® have been used to detect cancer when coupled to image contrast agents designed
for MRI,''"® gamma scintigraphy,'® PET,'*! and NIR fluorescence imaging.'"!

A large number of radiolabeled tracers based on the RGD tripeptide sequence have been
developed (Table 9.2)."*312 Structure activity relationship investigations of the cyclic pentapep-
tide, cyclo-(Arg'-Gly*-Asp>-D-Phe*-Val®),!'>"'!* revealed that a hydrophobic amino acid in
position 4 is essential for high a5 affinity and that the amino acid in position 5 could be modified
without loss of activity.''> A tyrosine residue at position 4 or 5 provides a site to radio-iodinate the
peptide, and lysine residue introduced at position 5 enables '*F labeling.''®!'” 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,''® DTPA,'"’
hydrazinonicotinamide (HYNIC),'”” or N-w-bis(2-pyridylmethyl)-L-lysine (DPK).?* Other radio-
metals such as yttrium-90 (*°Y) may provide a means to deliver molecularly targeted radiotherapy.
For example, in a murine ovarian carcinoma xenograft model, a single injection of a *°Y labeled,
dimeric-RGD peptide-DOTA conjugate at its maximum tolerated dose (37 MBq) caused significant
tumor growth delay and increased median survival time.'®’

Unfortunately, many of these tracers are lipophilic and are both concentrated and excreted by
the liver.""” 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-RGD'* or ['®F]-
galacto-RGD'?""'*? 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.'*® The pharmacokinetics and tumor accumulation of the
resulting '®F labeled conjugates containing D-asparatic acid are found to be comparable to ['*F]-
galacto-RGD.'#

Non-invasive imaging of angiogenesis markers should be important, both in therapy planning
and in monitoring anti-angiogenic therapy. The first human images of ay 33 expression have been
obtained with ['®F]-galacto-RGD in patients with malignant melanoma and sarcoma.'** 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.'” Tumor ayB; 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 a5 targeted MRI has been achieved using liposomes or
nanoparticles encapsulating gadolinium ion that was derivatized with anti-ay 3 antibody
LMG609,'%¢ antibody DM101'%” or RGD mimetics."'®!'?® 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.""! 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 ay[33
expressions. In a subsequent study, RGD mono-, di- and tetramer conjugated to Cy5.5 were
compared in a glioblastoma xenograft model.'* The tumor xenograft could be visualized with
all three probes 30 min post-injection. The tumor uptake was in the order tetramer>dimer >
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."*® 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.'*! 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.'*! A similar RGD4C-doxorubicin conjugate was tested in an o.yB5 negative murine hepatoma
model and was found to have superior anti-tumor effectiveness as compared to free doxorubicin.'*>

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 '''In,'?7 9™, !33:134 64y, 133
and "8F '*® 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.'**'*” Biodistribution
studies in M21 melanoma xenograft-bearing mice indicated that tumor uptake and T/B ratios
increased as monomer < dimer < tetramer. ' 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.'?*"'3” 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.' Similarly, studies of '*F"*° and ®*Cu'*' 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.'** 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.'**
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9.4 POLYMERIC CONJUGATES FOR ANGIOGENESIS TARGETING

Polymeric conjugates have been used for targeted delivery of drugs to tumor sites'**'*® 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.'*’

N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers have shown promise as drug
carriers, #4145 147:- 198 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).'**14%15% The overall molecular weight of
HPMA copolymers is determined by the polymerization conditions, particularly the concentration
of initiator and chain transfer agents.'' 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.'**'4*

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.'*'>> Without a specific
targeting ligand, moderate-sized (> 30 kD) polymers can passively (via EPR) accumulate in tumor
tissues.”'> The EPR effect has been used to deliver macromolecular bioactive agents to solid
tumors, including anti-angiogenic drugs.'>*!>3

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-RGDA4C, 4-MA-GG-DPK, and 5-APMA-CHX-A"-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.'>® Low extravasation of polymer conjugates in normal tissues generally results in
reduced systemic toxicity. In this regard, the predominant liver''” and kidney'*° 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,'>’” a combination of active targeting and passive EPR effect of the
macromolecular conjugate,'”® and a decreased extravasation in normal tissues as a result of the
large molecular weight of the conjugates.'®

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.'>® 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.'>*

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.'**'®" A number of strategies to deliver therapeutic genes to angiogenic
endothelial cells using RGD guided viral'®>'®* and non-viral systems (cationic polymers,'®*
cationic lipids,'®® and cationic peptides'®®) have been investigated. The cationic polymer poly-
ethylenimine (PEI) has been extensively used as a non-viral gene carrier.'®” 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-RGD'®*'%? and those where RGD is conjugated onto PEI via a hydrophilic PEG spacer
(PEI-PEG-RGD).!64168:170-172 Bocause of their reduced non-specific interaction with normal
tissues, the charge-shielded pegylated systems have shown more efficient targeting and gene
transfection.'”"!72

The PEI-PEG-RGD conjugate architecture has been used to deliver siRNA as a means to
inhibit VEGFR-2 expression.'’® 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 pg treatment dose repeated every three days, there

TABLE 9.4
Conjugates for Angiogenesis Targeted Gene Therapy
Compound Gene Target Tumor Model Reference

¢(RGD)-PEG-PEI siRNA ayP3 integrin N2A neuroblastoma 170
RGD4C-PEG-PEI sFIt-1 oy B3 integrin Human skin capillary endothelial cells 164
Pronectin F*® LacZ ayP; integrin -~ Murine meth-AR-1 fibrosarcoma 173
RGDC-PEG-PEI Luciferase ayP3 integrin Mewo human melanoma 168
RGD-PEI Plasmid DNA a5 integrin Human cervical carcinoma 169
RGD-PEG-PEI DNA ayP; integrin - Not reported 172
RGD-lipid nanoparticles Raf-1 ayP; integrin -~ CT26 human colon carcinoma 165
RGDA4C-PEG-cholesterol liposome CAT oy B3 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.'” In another study, Kim et al. reported an anti-angiogen-
esis strategy to block VEGF receptor function and thereby inhibit endothelial cell proliferation.'®*
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.'®*
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 F+)."”* When cationized, Pronectin F+ -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.'’* For example, different isotopes deliver beta particulate ion-
ization over millimeters ('*'I) to centimeters (°°Y). Long-lived isotopes such as 311 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 *°Y 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.'”> 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.'’® A study on the stability of *°Y labeled, dimeric RGD peptide showed that presence

TABLE 9.5
Conjugates for Angiogenesis Targeted Radiotherapy
Compound Radiolabel Target Tumor Model Reference
DOTA-E- ¢(RGDfK), Y-90 dyPs integrin - OVCAR-3 human ovarian carcinoma 107, 205
DTPA- Tyr3-octreotate-c(RGDyD) In-111 ayP; integrin - CA20948 & AR42]J rat 206,207
pancreatic tumor
HPMA copolymer-RGD4C Y-90 dyPs 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 (—78°C), stabilized the labeled compound for at least two half-lives of Ny,
even at a high specific activity.'””

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-
RGEAC conjugate) has been studied.'’® Figure 9.3 shows the scintigraphic image of SCID mice
bearing prostate tumor xenografts 24 h post-injection of the conjugates. The HPMA copolymer-
RGDA4C conjugate shows greater tumor accumulation than the control. The tumor uptake of HPMA
copolymer-RGD4C conjugate (4.6 + 1.8% injected dose/g) at 24 h post-injection was significantly
higher than the control (1.240.1%). 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.'”® Another advantage of using a polymeric conjugate of RGD was highlighted by comparing
the biodistributions of HPMA copolymer-RGD4C conjugates and free RGD4C.* 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
RGDAC 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, 108158

The use of a water-soluble polymer (HPMA)-based conjugate of RGD peptide and the acyclic
chelator cyclohexyl-diethylenetriamine pentaacetic acid (CHX-A”-DTPA) for angiogenesis
directed (°°Y) radiotherapy has been studied.'®® After intravenous injection in prostate carcinoma

FIGURE 9.3 (See color insert following page 522.) Scintigraphic images of human prostate tumor-bearing
SCID mice 24 h post-intravenous injection of *™Tc labeled HPMA copolymer conjugates. HPMA copolymer-
RGDA4C 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-RGDA4C 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 *™Tc 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 mean == SD (number of
animals/group is shown). (From Line, B. R., et al., J. Nucl. Med., 46, 1152, 2005. With permission.)

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 °°Y 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 RGDA4C peptide has a doubly cyclized structure containing two disulphide bonds that
affords high binding affinity and specificity for the oyBs integrin.'”®'”® However, the solution
instability of the RGD4C disulphide bonds is a potential disadvantage that can lead to significant
reduction in oy B; binding affinity.'®® 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 ay 33 and have been
used for delivery of imaging agents and therapeutics to tumor angiogenesis.'>*' The long term (up
to 192 h) biodistribution and tumor targeting properties of multivalent HPMA copolymer
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FIGURE 9.5 (See color insert following page 522.) TOP PANEL: Effect of *°Y labeled HPMA copolymer-
RGDA4C conjugate treatment on human prostate tumor (DU145) growth in SCID mice. Animal groups treated
with single dose of 100 pCi (p<0.03) and 250 pCi (p<0.01) *°Y-HPMA-RGDA4C 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 (cm®)+SD (n =6 mice per group). Figure legends: untreated control
(closed square), 250 pCi of *°Y-HPMA copolymer-RGD4C conjugate (closed circle), and 100 uCi of *°Y-
HPMA copolymer-RGD4C conjugate (open triangle). BOTTOM PANEL: Histological analysis of kidney and
tumor samples at 21 days post-treatment following injection of 250 uCi *°Y labeled HPMA copolymer-
RGDA4C conjugate or untreated control. Kidney samples taken from (a) control group and (b) 250 nCi 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
%Y 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 pCi 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.'®' 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 4.9 4+0.9% (96 h
pi.) and 5.0+ 1.2% (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 '''In labeled copolymers. (1) HPMA copolymer-
RGDA4C 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) '''In-HPMA copolymer-RGD4C conjugate and (¢) '''In-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.)

© 2006 by Taylor & Francis Group, LLC



Polymeric Conjugates for Angiogenesis-Targeted Tumor Imaging and Therapy 175

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 ayBs integrins using RGD peptides.?’ 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,"*® N-(2-hydroxypropyl) methacryla-
mide,'”® and polyethylenimine'®*), proteins,'®*'®* liposomes,'®*'®> and nanoparticles.'®>'8¢

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 o35 integrins
using ['®F]-galacto-RGD'?*'?* 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 weight'®’~'*° and/or electronegative charge'**'®" 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)'** or pH sensitive (e.g., hydrazone linker)'
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"-DTPA  N-methacryloylaminopropyl-2-amino-3-(isothiourea-phenyl)-
propyl-cyclohexane-1,2-diamine-N,N-N',N'.N" N"-
pentaacetic acid
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APN

BBB

CAT

CDTRL
CGKRK
CHX-A"-DTPA
CPRECESIC
CRGRRST
CSRPRRSEC
DOTA

DOX

DPK

DTPA

ECM

EPR

FB

FDA

FDG

5-Fu

GFLG
GPLGV
GPLGIAGQ
GPLGVRGK
GVPLSLTMGC
HPMA
HWGF
HYNIC
MA-GG-DPK
MA-GG-RGD4C
MA-Tyr
MBq

mCi

MMP

MRI

NGR

NIR

PEG

PEI

PET

PLGL

PLL

RGD

RGE

SCID
SMSIARL
T/B

TIMP

VEGF
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Aminopeptidase N

Blood-brain barrier

Chloramphenicol acetyl transferase
Cys-Asp-Thr-Arg-Leu
Cys-Gly-Lys-Arg-Lys
Cyclohexyl-diethylenetriamine pentaacetic acid
Cys-Pro-Arg-Glu-Cys-Glu-Ser-Ile-Cys
Cys-Arg-Gly-Arg-Arg-Ser-Thr
Cys-Ser-Arg-Pro-Arg-Arg-Ser-Glu-Cys
1,4,7,10-tetra-azacylcododecane-N,N',N" N"-tetraacetic acid
Doxorubicin
N-w-bis(2-pyridylmethyl)-L-lysine
Diethylenetriaminepentaacetic acid
Extracellular matrix

Enhanced permeability and retention
Fluorobenzoyl

Food and drug administration
2-Fluoro-2-deoxyglucose

5-Fluorouracil

Gly-Phe-Leu-Gly

Gly-Pro-Leu-Gly-Val
Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln
Gly-Pro-Leu-Gly-Val-Arg-Gly-Lys
Gly-Val-Pro-Leu-Ser-Leu-Thr-Met-Gly-Cys
N-(2-hydroxypropyl) methacrylamide
His-Trp-Gly-Phe

Hydrazinonicotinamide

N-methacryloylglycylglycyl-(N-w-bis(2-pyridylmethyl)-L-lysine)

N-methacryloylglycylglycyl-RGD4C
N-methacryloyltyrosinamide
Megabecquerel

Millicurie

Matrix metalloproteinases

Magnetic resonance imaging
Asn-Gly-Arg

Near-infrared

Polyethylene glycol
Polyethylenimine

Positron emission tomography
Pro-Leu-Gly-Leu

Poly-L-lysine

Arg-Gly-Asp

Arg-Gly-Glu

Severe combined immunodeficient
Ser-Met-Ser-Ile-Ala-Arg-Leu
Tumor-to-background

Tissue inhibitors of matrix metalloproteinases
Vascular endothelial growth factor
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