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Preface

We are honored to present to the readers the book entitled 
Carrier-Mediated Dermal Delivery: Applications in the Prevention 
and Treatment of Skin Disorders, which is based on the systematic 
revision of the most recent findings. This book contains several 
contributions on new approaches for the management of skin 
aging and photocarcinogenesis and topical formulations based on 
nanocarrier systems for skin disorders. These chapters discuss 
the structure and skin morphology in detail. Cosmeceuticals, laser 
and photodynamic therapy, and melatonin-based treatments are 
presented as important strategies for photoaging management. 
Photodynamic therapy and melatonin can be also used in the context 
of photocarcinogenesis. Therefore, the inclusion of this strong 
antioxidant in sunscreen products could be a promising approach. 
The book discusses the safety and efficacy of sunscreen products as 
well.
	 Topical formulations, including emulsions (conventional 
formulations and emulsions stabilized by solid particles), nail 
films, and nanocarriers used for different actives delivery, are 
reviewed concerning certain skin and nail diseases context (e.g., 
acne, psoriasis, atopic dermatitis, fungal diseases, leishmaniasis, 
skin cancer). Finally, several nanocarriers are introduced, such as 
lipid vesicles (from the first generation of conventional liposomes 
until the more recent deformable vesicles), liquid crystalline 
nanodispersions, and gelatin and solid lipid nanoparticles. Their 
composition, formulation process, characterization, and examples 
of topical applications are discussed in detail for each system. In 
fact, these nanocarrier systems can be useful as topical and/or 
transdermal delivery systems attending to a higher skin penetration 
and permeation profiles, besides contributing to improving 
technological drawbacks (e.g., formulation stability) and increasing 
the therapeutic index.



xviii

	 Although this is a quite broad topic, the most important 
(nano)pharmaceutical formulations are presented in the book. 
Future perspectives are also discussed in some chapters. This 
book will be a useful reference for researchers and professionals 
interested in nanotechnology in the skin delivery context.

Preface
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New Approaches for 
Management of Skin Aging and 

Photocarcinogenesis
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Chapter 1

1.1  Introduction

Life expectancy has never been so high in developed countries 
according to the World Health Organization. Nowadays, the desire 
to maintain a young image and healthy appearance is omnipresent 
in both genders. Skin aging is generally the main concern with a 
marked social impact. In fact, the skin properties and functions 
based on maintaining the organism homeostasis and protecting 
it from external harmful agents [1–3] will decrease over time.

Several techniques have been developed that aim to prevent, 
slow, or revert the skin aging process with diverse successful 
outcomes alone or in combination with others. Those techniques 
can be surgical, such as eyelid surgery and facial lifting or non-
surgical procedures, for example, botulinum toxin injection, filler 
injection, laser treatment, dermabrasion, and chemical peelings [3]. 
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Some of these non-surgical techniques will be mentioned 
in this review, especially injectable and laser-based treatments.

Although the skin nervous system has not been fully 
understood and somewhat underexplored, the possibility of 
manipulating neuropeptides to improve the skin appearance by 
delaying or treating its aging has becoming a recent research 
area with a significant potential. On the other hand, laser therapy is 
an excellent and safe technique. Both advantages and limitations of 
these techniques will be addressed as well as future perspectives in 
this context.

1.2  Skin

The integumentary system includes the skin and accessory 
structures (hair, nails, and glands). The skin or the integument 
covers the body externally, being its largest organ (about 15% 
to 20% of total body weight in adults). It possesses several 
functions, such as (i) protective, as a physical barrier against 
potential pathogens and chemicals as well as thermal, mechanical, 
and ultraviolet radiation damages; (ii) sensorial, as sensory 
skin receptors are able to detect heat, cold, pressure, touch, and 
pain, allowing skin to monitor the environment and regulate 
interactions with it; (iii) thermoregulatory, through water loss 
mechanisms or insulation ability; (iv) endocrine and metabolic, 
by secreting hormones, cytokines, and growth factors and 
synthesizing vitamin D (indispensable for calcium metabolism 
and bone formation); (v) excretory, through the skin pores and 
glands [4–6].

1.2.1  Structure

The skin is formed by three main layers: the epidermis, an 
epithelial layer of ectodermal origin; the dermis, a layer of 
mesodermal connective tissue; and the hypodermis, or 
subcutaneous tissue, a layer of loose connective tissue that 
connects the skin to the muscles or bones. Additionally, skin can 
have different thickness, being thick on the palms and soles and 
thin on the rest of the body [4–6].
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1.2.1.1  Epidermis

Epidermis, the most superficial layer of the skin, is mainly 
formed by stratified squamous keratinized epithelial tissue. The 
living cells receive nutrients and excrete waste products by 
diffusion through the epidermis layer and the capillaries of the 
dermis [4, 5].
Different types of cells are present in the epidermis layer:

	 •	 Keratinocytes, which produce keratin, a protein that 
contributes for cells strength; 

	 •	 Melanocytes, the melanin producers. These cells are 
accumulated in the stratum basale (1 melanocyte for every 
5–6 basal keratinocytes), being attached to the basal 
lamina. Melanin synthesis starts with a reaction catalyzed 
by tyrosinase that converts tyrosine into 3,4-dihydroxyphe-
nylalanine (DOPA) that will be transformed and polymerized 
in different forms of melanin. Melanin is stored in cell 
vesicles until they form melanosomes that are transported 
and taken up by keratinocytes. This molecule will protect 
the DNA (deoxyribonucleic acid) of living cells from 
the ionizing mutagenic effects of ultraviolet radiation (UVR);

	 •	 Langerhans cells, the antigen-presenting cells with an 
important role in the skin immune system. These cells 
are mostly present in the stratum spinosum;

	 •	 Merkel cells, which are tactile epithelial cells associated 
with the nerve endings, being responsible for perceiving 
light, touch, and superficial pressure. These cells are 
present in a higher percentage in the sensitive skin [4, 5].

Regarding the epidermis renewal, new keratinocytes are 
produced in the deepest layer of epidermis, pushing the older 
cells to the surface, and changing their shape and chemical 
composition along the way (keratinization process). During this 
process, the cells will die and the outer layer of dead cells will 
provide resistance to abrasion, forming a barrier with relative 
permeability [4].

The human epidermis is renewed in 15 to 30 days, depending 
on several factors (age, region of the body, etc.). During the 
process of keratinization, the number of cell layers in each 

Skin
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stratum is influenced by the body location. The deepest stratum, 
stratum basale or germinativum, rest on the basal lamina and 
is formed by a single layer of keratinocyte steam cells (basophilic 
cuboidal or columnar cells) that go through mitotic divisions. 
Hemidesmosomes join these cells to the basal lamina and 
desmosomes bind the cells together on their lateral and upper 
surfaces. The stratum spinosum, or the spinous layer, lies on 
the stratum basale. Additional keratin fibers and lamellar bodies 
are formed inside the larger and polyhedral keratinocytes of 
this layer. Following these two strata, there is the stratum 
granulosum formed by flattened diamond-shaped cells. 
Keratohyalin granules are produced in this layer. These granules 
are basophilic masses rich in cystine and histidine proteins, the 
precursors of filaggrin, which aggregates the keratin filaments on 
the stratum corneum (SC). It also facilitates the lipids’ release 
by lamellar bodies from the cells creating an impermeable layer 
around it. At this stage, the cells die. The stratum lucidum is 
above the stratum granulosum being constituted by some layers 
of dead cells with indistinct borders. It is normally present in 
thick skin and absent in thin skin. The most superficial layer is 
the stratum corneum formed by dead cells, which have a hard 
protein envelope filled with keratin (a mixture of keratin fibers 
and keratohyalin) providing structural strength. The released 
lipids from lamellar bodies are responsible for the skin 
permeability. At the end of the keratinization process, the cells 
are fully keratinized or cornified (squames) and shed from the 
epidermal surface as the desmosomes and lipid-rich cell envelopes 
break down [4–6].

The basement membrane or basal lamina separates 
the epidermis from the dermis. This irregular junction and 
projections (dermal papillae) merge with invaginating epidermal 
ridges, which contribute to a stronger adhesion of these two 
layers [4, 5]. 

1.2.1.2  Dermis

The dermis provides most of the structural strength of the 
skin. Its connective tissue is formed by collagen, elastic and 
reticular fibers. Several cells and structures can be found in 
dermis, such as fibroblasts/fibrocytes/myofibroblasts, adipocytes, 
macrophages, monocytes, mast cells, Langerhans cells, T 
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lymphocytes, dendritic cells, nerve endings, hair follicles, smooth 
muscle cells, and glands, besides the presence of blood and 
lymphatic vessels. It is divided into two sub-layers: (i) the 
papillary layer, which includes the dermal papillae, made up 
of loose connective tissue with collagen types I/III and collagen 
type VII, which connects the dermis to the epidermis fibrils and 
to the basal lamina, respectively; (ii) the reticular layer, which 
is a dense and irregular connective tissue mainly constituted by 
elastic fibers (more fibers than cells compared with the papillary 
layer) and collagen type I surrounded by proteoglycans rich in 
dermatan sulfate. Dermis thickness differs with the region of 
the body, reaching a maximum of 4 mm on the back [4–7].

Two major plexuses are formed by nutritive vessels on the 
dermis. The microvascular subpapillary plexus lies between 
the papillary and reticular dermis layers, and its extensions form 
a capillary matrix below the epidermis. The deep plexus lies 
between the dermis and the subcutaneous layer and is formed 
by larger vessels. These plexuses are connected by blood vessels 
[5, 7].

1.2.2  Innervation

The skin innervation is represented by a neural matrix formed by 
cholinergic and adrenergic nerves and sensory fibers. This dense 
innervation extends to the superficial layers of the epidermis, 
including the stratum corneum. Immunolabeling (with an 
antibody against protein gene product 9.5) is the best method for 
the visualization of skin innervation [8]. The skin possesses an 
enormous diversity of receptors, channels, neurotransmitters, 
and modulators, including various types of sensory receptors, 
motor nerve endings at the blood vessels, pili muscles, and sweat 
glands. Nevertheless, there is also contact between nerve fibers 
and keratinocytes, melanocytes, Langerhans cells, mastocytes, 
and dendritic and endothelial cells. The nerve endings differ 
within different body parts, reflecting their distinct functions [6–9].

1.2.2.1  Sensory receptors 

Sensory receptors transduce and transmit pain (nocireception) 
and can be free or encapsulated nerve endings (or fibers). Sensory 
axons are morphologically categorized as myelinated (A-fibers) 
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or unmyelinated (C-fibers). Myelination degree increases the 
axonal signal transmission velocity. A-a, -b, and -d fibers are 
highly, moderately, and poorly myelinated with a conduction 
velocity ranging from 70–120 m/s (highly myelinated) to 
4–30 m/s (poorly myelinated). C-Fibers are unmyelinated and 
small fibers having a low conducting velocity, approximately 
0.5–2 m/s [4, 5, 7, 8, 10]. 

Free nerve endings include (i) Merkel cells, which are 
associated with the recognition of continuous light touch and 
texture, consisting of A-fibers; (ii) nerve terminations in the 
papillary dermis, also extended to lower epidermal layers; these 
nerve terminations respond to extreme temperatures, pain and 
itching, consisting in A-fibers and C-fibers; (iii) root hair fibers 
complex localized around the hair follicles bases and Haarschiebe 
touch domes; these last structures are specialized in pressure 
reception, localized near the hair follicles and their neurite 
plexus, containing both A and C-fibers [4–6, 10].

Encapsulated nerve endings comprise (i) Meissner corpuscles, 
which are sensory axons (A and C-fibers) winding among 
Schwann cells located in the dermal papillae, mainly responsible 
for perceiving light touch or low frequency stimuli; their number 
decreases gradually after puberty; (ii) Pacinian corpuscles, which 
are myelinated nerve endings (A-fibers) encircled by a capsule 
(formed by flattened Schwann cells and collagen) and deeply 
located in the reticular dermis and hypodermis. It mostly detects 
pressure changes and vibrations applied on the skin; (iii) Rufinni 
or bulbous corpuscles, which surround A-fibers, have a thin 
collagenous fusiform capsule anchored to the surrounding 
connective tissue. It typically responds to tension and torque 
applied to the skin and intravenous; (iv) Krause end bulbs that 
have a very thin collagenous capsule penetrated by a nerve A-fiber, 
being generally associated with low frequency vibrations [4–6, 10]. 

1.2.2.2  Non-sensory receptors

Non-sensory receptors are expressed in diverse types of skin 
cells, and their signal transduction lead to diverse manifestations. 
Some non-sensory receptors are as follows: 

	 •	 Cholinergic receptors, found in sweat glands and ducts, 
keratinocytes, sebocytes, fibroblasts and melanocytes. Their 
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activation on keratinocytes stimulates adhesion, motility 
and differentiation. Furthermore, acetylcholine may be a 
promoter in sebocytes differentiation, sebum production 
and hyperpigmentation. In addition to the presence of 
the cholinergic receptors in a non-neuronal manner, 
cholinergic neurons (sympathetic and parasympathetic) 
supply innervation to blood and lymphatic vessels, pili 
muscles, hair follicles and glands play a crucial role in the 
regulation of the body temperature [7, 10–12].

	 •	 Adrenergic receptors of several a and b subtypes and 
are expressed in melanocytes, keratinocytes, and eccrine 
epithelial cells. Their activation leads to keratinocyte 
differentiation stimulation; a and b receptors are found 
in dermal blood vessels, and their stimulation leads to 
vasoconstriction and decreasing of the vascular permeability 
[7, 10].

	 •	 Corticotropin-releasing hormone (CRH) and urocortin 
receptors expressed in dermal fibroblasts, endothelial 
cells, hair follicle, smooth muscle of blood vessels, 
keratinocytes, melanocytes, and mast cells. CRH can act as 
a pro- or anti-inflammatory agent, and antinociceptive and 
wound-healing accelerator. Urocortin and CRH are able to 
inhibit the proliferation of keratinocytes and induce their 
differentiation as well as stimulate or inhibit melanoma 
cell proliferation depending on culture conditions [7, 10, 13].

	 •	 Melanocortin receptors (MCR) activated by the adreno-
corticotropic hormone (ACTH) and some melanocyte- 
stimulating hormones (MSH). These receptors have been 
detected in melanocytes, keratinocytes, monocytes, sebo-
cytes, fibroblasts, and endothelial, epithelial, Langerhans, 
and dermal immune cells. They are responsible for differ-
ences in skin color. The stimulation of melanogenesis and 
its switching to eumelanogenesis from pheomelanogenesis 
is the most recognized phenotypic effect of ACTH and MSH 
peptides [7, 10].

	 •	 Opioid receptors, m-opioid receptors identified in 
keratinocytes, hair follicles, sebaceous glands and sweat 
glands, and z-opioid receptors identified in epidermal 
keratinocytes. Opioid peptides can be divided into 
endorphins, enkephalins, and dynorphins. Generally, 
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the activation of opioid receptors leads to inhibition of 
neuronal excitability. Met- and leu-enkephalins can inhibit 
the differentiation of human keratinocytes in vitro. 
b-Endorphin and enkephalins have antinociceptive and 
immunomodulatory properties [7, 10].

	 •	 Growth hormone receptor (GHR) detected in the 
human skin epidermis, hair follicle, eccrine glands, dermal 
fibroblasts, keratinocytes, adipocytes, melanocytes, and 
in Schwann and muscle cells. GH may directly modulate 
keratinocyte and fibroblast function [7, 14].

	 •	 Prolactin (PRL) and luteinizing hormone/chori-
ogonadotropin receptors (LH/CG-R) also expressed 
in the skin. In humans, hyperprolactinemia has been 
associated with hirsutism [7].

	 •	 Neurokinin receptors (NKR) activated by substance P (SP) 
or neurokinins A and B (NKA and NKB), leading to the 
stimulation of keratinocytes, fibroblasts, and endothelial 
cell proliferation and neovascularization. In addition, they 
are also related with the modulation of pro-inflammatory 
processes. Their expression has been detected in 
keratinocytes, endothelial cells, mast cells, fibroblasts, and 
Merkel and Langerhans cells [7, 10].

	 •	 Calcitonin gene-related peptide receptors (CGRP-R) 
present in mast cells, keratinocytes, melanocytes, smooth 
muscle, blood vessels, and Merkel and Langerhans 
cells. CGRP has several functions, such as increasing the 
vascular permeability, producing dermal edema, stimulating 
endothelial cell, keratinocyte, and melanocyte proliferation, 
and regulating cytokine production [7, 10].

	 •	 Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide receptors (PACAP/VIP-R 
or PVR) found in sweat glands, keratinocytes, smooth 
muscle, and immune and endothelial cells. VIP stimulates 
the keratinocyte proliferation and sweat production, while 
PACAP is correlated with inflammation and neurotransmis-
sion in the skin. Through these receptors, peptide histidine-
methionine (PHM) and GH-releasing factor (GFR) lead to 
keratinocytes proliferation [7, 10].

	 •	 Neurotrophin (NT) receptors, which are receptor proteins 
of the tyrosine kinase (Trk) and p75 panneurotrophin 
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(p75NTR) families expressed in epidermal and follicular 
keratinocytes, epidermal melanocytes, specialized dermal 
fibroblasts, mast cells, immunocytes, and cutaneous 
sensorial nerves. Nerve growth factor (NGF) stimulates 
dendrite formation. NTs take part in apoptosis, cutaneous 
nerve growth, and development [7, 10].

	 •	 Parathyroid hormone (PTH) and/or PTH-related 
protein (PTHrP) receptors are expressed in dermal 
fibroblasts. When stimulated, these receptors respond by 
producing cytokine and keratinocyte growth factor (KGF) [7].

	 •	 Receptors for the active form of vitamin D [1,25-
dihydroxyvitamin D (1,25-(OH)2D or calcitriol] (vitamin 
D receptor (VDR)) expressed in epidermal and follicular 
keratinocytes. Epidermal synthesis of vitamin D3 from 
7-dehydrocholesterol is dependent on sun exposure [15]. 
Vitamin D is involved in keratinocyte differentiation, cell 
proliferation, and hair growth [7]. Additionally, it has a 
significant role in calcium homeostasis and metabolism, 
as is well known.

	 •	 Glucocorticoid receptors (GR) expressed in epidermal 
and follicular keratinocytes, epithelial cells from glands, 
sebocytes, melanocytes, immune cells, dermal fibroblasts, 
and smooth muscle, while mineralocorticoid receptors 
(MR) have been identified in epidermal keratinocytes, 
hair follicle, and sweat and sebaceous glands. They are 
linked to those cell functions exerting anti-inflammatory 
effects [7, 16].

	 •	 Androgen (AR) and estrogen (ER) receptors disseminated 
in the skin. AR promotes hair growth and sebum secretion 
depending on their location. ER are located in epidermal 
epithelial cells, hair follicle, sebaceous, glands, melanocytes, 
and fibroblasts [7].

	 •	 Thyroid hormone receptors (THR) activated by 
triiodothyronine (T3), which participates in the epidermal 
differentiation, increasing its response to growth factors. 
THR also has a role in the functioning of sebaceous and 
other glands, hair growth, and production of aminoglycans. 
Changes on the skin in the presence of hyper- or 
hypothyroidism reveal the functions of this receptor [7].

Skin
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1.2.2.3  Neuropeptides

Skin neuromodulators are now starting to be seen as possible 
targets to prevent and treat skin aging. Neuropeptides are 
neurotransmitters and chemical messengers present in the skin. 
Their location in skin can be quite variable. Accordingly, Schulze 
et al. studied the distribution of some neuropeptides (VIP, NPY, 
CGRP, SP, NKA and CR) through different skin layers of both face 
and forearm by immunohistochemical detection. These authors 
have reported the following observations: VIP was present in 
dermis and subcutis layers of both face and forearm; NPY was 
only detected on the forearm subcutis; CGRP and SP were 
identified in all skin layers on both sites; NKA was only absent on 
the face epidermis while CR was absent on the epidermis of 
both sites [10, 17].

Additionally, neuropeptides can be produced by resident 
and circulating skin cells (e.g., gastrin-releasing peptide, 
somastostatin, NPY, atrial natriuretic peptide, PHM/PHI 
(peptide histidine isoleucine), galanin, neurokinins, substance P, 
neurotensin, CGRP, VIP, bradikinin, cholecystokinin, endothelins, 
CRH, urocortin, a-, b-, and g-MSH, ACTH, b endorphin, enkephalins), 
and/or in nerve endings (e.g., substance P, neurokinins, 
neurotensin, CGRP, VIP, somatostatin, NPY, atrial natriuretic 
endothelins, a-, b-, and g-MSH, b endorphin, CRH, urocortin, 
dynorphin, enkephalins) [7].

There is a linear reduction of epidermis innervation and 
content of NGF with skin aging, while neuropeptide levels and 
their receptor expression may increase or decrease. For example, 
epidermal resident cells suffer an age-related density decrease 
leading to more or less marked consequences on skin structure 
and appearance. As already stated, neuropeptides bind to skin 
receptors and produce several cellular responses related to 
skin functions. Consequently, the alteration of their levels is 
particularly relevant for skin cells survival, maintenance, and 
regeneration [18–20]. The list of some neuropeptides and 
their effect on the skin intrinsic aging is given below:
	 •	 Corticotropin-releasing hormone (CRH): neuropeptide 

hormone that coordinates neuroendocrine and behavioral 
responses to stress. Aging leads to the dysregulation of 
CRH system subjecting the skin to a continuous stress 
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environment [10, 18]. Stopping this over-activation of 
the stress environment would be beneficial to skin health.

	 •	 Somatostatin: neuropeptide related to Alzheimer’s disease, 
suggesting that lower values of somatostatin with aging 
may have some neurodegenerative effects (including those 
on the skin) [18, 21]. Thus, the maintenance of normal 
values may be a way to prevent this neurodegenerative 
effect.

	 •	 Melanocortins (pro-opiomelanocortin or POMC, derivatives 
—ACTH, a–, b–, and g–MSH, g–lipotropin, and b–endorphins): 
neuropeptides with anti-inflammatory properties, regulating 
cortisol levels and melanogenesis process, also involved 
in pigmentary responses (with CRH) and cornification of 
the skin. POMC system is greatly disturbed with aging. 
On one hand, peptides levels seem to increase. On the 
other hand, receptors for ACTH (MCR-2) and b-endorphin 
(I-opioid receptor 1) decrease with skin aging. However, it 
has been reported that Achillea millefolium extract is able 
to upregulate their expression. Consequently, this non-
endogenous MCR agonist is able to increase skin thickness, 
which is quite beneficial for skin aging management. 
[20, 22, 23].

	 •	 Endothelin: induces collagen synthesis and is involved in 
tissue remodeling and fibrogenesis [10]. Thus, it could be 
also for used for the anti-aging process.

	 •	 Pituitary adenylate cyclase-activating polypeptide 
(PACAP): involved in neuroprotective, regenerative, and 
immunomodulatory functions. However, high levels of this 
peptide are associated to neurogenic inflammation and 
lesions (e.g., psoriasis). In addition, an intravenous injection 
of PACAP leads to a long-lasting flush [10]. Consequently, 
this peptide should be kept at its normal levels instead of 
stimulating its synthesis.

	 •	 Substance P (SP): a stress-related neuropeptide that 
can induce cytokines release, the major mediators in skin 
inflammatory processes and itch. SP is highly increased 
in sun-aged skin, promoting fibroblast and keratinocyte 
proliferation. Additionally, it is also involved in wound 
healing due to fibroblast proliferation with simultaneous 
collagen deposition and angiogenesis. However, SP can 
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enhance the virulence of bacteria normally present on the 
skin, which can limit its applicability to anti-aging methods 
[9, 10, 18, 24–26]. 

	 •	 Neuropeptide Y (NPY): takes part in the skin defense 
mechanism owing to its antimicrobial activity. However, 
NPY should be used cautiously considering that it is 
highly expressed in melanoma [18]. 

	 •	 Calcitonin gene-related peptide (CGRP): expression 
decreases with age, being associated with the reduced 
survival and proliferation rate of keratinocytes. In addition, 
this peptide is able to stimulate melanocytes proliferation, 
which can be also changed in the aged skin. Moreover, 
CGRP has anti-inflammatory activity as well [18, 20, 27]. 

Neuropeptides levels and/or their effects can be conditioned 
by respective receptors and peptidases levels, which in turn 
could be affected by aging. For example, the level of neutral 
endopeptidase-24.11 (NEP, EC 3.4.24.11), which hydrolyzes 
bioactive regulatory peptides in the skin, significantly increases 
with aging. There is also an increase of elastase-type endopeptidase 
activity, leading to the degradation of the extracellular matrix 
[28, 29]. Regarding photoaging, there is an increase on the densities 
of dermal and intraepidermal nerve fibers, neuropeptidergic 
sensory nerve fibers in the dermis, neuropeptides levels (e.g., 
SP and CGRP), and NGF. The severity of the photodamage is closely 
related to the subjacent epidermal innervation changes [30].

Neuropeptides (mainly SP and CGRP) have been successfully 
used to accelerate and modulate wound healing in a dose-
dependent manner, and since this process is delayed with aging, 
this could be another application of neuropeptides. In addition, 
they can be also potential topical painkillers (e.g., capsaicin excites 
C-fibers, releasing tachykinins and CGRP, and then those fibers 
become desensitized due to the lack of the same neuropeptides) 
[25, 31–34].

Moreover, neuropeptide modulation can be also used to treat 
other skin disorders, such as sensitive skin. Accordingly, an 
in vitro study with Sensiline® complex showed its influence 
on neuropeptides (mainly SP) levels in sensitive skin [35].

Incorporation of neuromediators in pharmaceutical 
formulations is quite difficult due to their fragile nature. However, 
agonists or antagonists of those neuromediators can be easily 
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formulated in order to control their release (e.g., botulinum 
toxin and capsacine), and prevent their degradation or modulate 
their synthesis [9]. Therefore, it is possible to determine the 
neuromediators effect on skin functions by modulating its levels, 
leading to new approaches toward skin disorder (including 
skin aging) and disease management.

1.2.3  Skin Changes with Aging

The skin suffers several structural and functional modifications 
with aging in both neuronal and non-neuronal structures. 

In general, the epidermis becomes thinner due to a progressive 
decline on the renewal rate of epidermal cells. Furthermore, 
repair mechanisms slow down and the dermal-epidermal junction 
becomes smoother, leading to an increase of skin fragility and 
decrease of nutrient transfer between the dermis and epidermis 
layers. Additionally, corneocytes have a tendency to accumulate 
on the skin surface, creating a rough appearance and texture 
[3–5, 36, 37].

Normally, there is a reduction of melanocytes function 
except on more exposed regions, such as the face and hands, where 
there is a production of age spots correspondent to melanin 
accumulation. Therefore, older skin is more susceptible to sunburn 
and skin cancer owing to a thinner epidermis and deficiency of 
melanocytes. Simultaneously, the absence of melanin production 
(since melanocytes from the bulb are lost) leads to gray or white 
hair [3, 4, 37].

In the dermis layer, the quantity of collagen and elastic 
fibers is decreased due to a reduction in fibroblast percentage 
and its synthetic ability and an increased expression of enzymes 
able to degrade the collagen matrix. Collagen fibers also 
become denser. These changes combined with a loss of adipose 
subcutaneous tissue and lymphatic deregulation lead to skin 
sagging, loss of elasticity and wrinkling (with volume loss). Gravity 
and disappearance of substance of facial bones and cartilage 
as well as muscular contractions influence the wrinkle appearance 
and degree of expression. Additionally, there is a loss of fibers in 
sweat glands and Meissner corpuscles. The activity of both sweat 
and sebaceous glands is also lower. The progressive reduction 
of blood supply affects the deterioration of these appendages 
[3–5, 36–39].

Skin
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The skin immune system is also affected by the aging 
process. Langerhans cells may decrease up to 50% in late 
adulthood, lowering the skin immune surveillance level, and 
leading to a higher risk of skin cancer and infections [37]. 

Besides the growth factors, skin aging is also affected by 
hormones. The activity of several hormones declines with 
time, mainly estrogen, testosterone, and dehydroepiandrosterone 
(DHEA), but also melatonin, cortisol, thyroxine, and growth 
hormone [3]. 

The modifications already referred are intrinsic modifications 
dependent on time and individuals genetic. In addition, numerous 
extrinsic factors can also affect and accelerate skin aging, such 
as ultraviolet radiation from sunlight, ionizing radiation, severe 
physical and physiological stress, pollution, severe weather, 
alcohol intake, overeating and tobacco smoking. For example, if 
the skin is usually exposed to sunlight, the normal elastic fibers 
can be replaced with an elastic-like material, the number of 
collagen fibers lowers, keratinocytes division is compromised, 
and the lymphatic vessels become also damaged [3, 4, 37, 38]. 
Photoaging degree can be classified according to Glogau wrinkle 
scale (Table 1.1).

Table 1.1	 Glogau wrinkle scale [40–42]

Type Age reference (Years) Photoaging degree

I 20 – 30 Early 
II 30 – 40 Early to moderate 
III 50 – 60 Advanced 
IV 60 and over Severe

1.3  Rejuvenation Procedures

The rejuvenation procedures have as a major goal the reversion 
or delay the dermal and epidermal signs of aging. Therefore, 
collagen, elastin, and glycosaminoglycans are the main targets 
of these procedures, which can have a preventive or therapeutic 
approach [43, 44].

Skin aging prevention may be achieved by essentially using 
daily skin care products (cleaning, moisturizing, among others) 
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and a sunscreen (besides the sun avoidance and the use of 
protective clothing). 

Skin aging treatment can be divided into invasive or non-
invasive procedures. Topical application of anti-aging agents 
is usually one of the most common non-invasive procedures. 
These agents are predominantly antioxidants and cell regulators. 
The use of antioxidants (vitamins, mainly C, B3, and E, and 
botanical compounds such as flavonoids, carotenoids, and 
polyphenols) will reduce and neutralize free radicals, diminishing 
collagen destruction, and repairing oxidized membranes. On 
the other hand, the use of cell regulators (vitamin A and its 
derivatives/retinols, peptides and growth factors) will stimulate 
the production of collagen and elastic fibers and also act on 
collagen metabolism [37, 43, 44].

At least, invasive procedures are based on the removal of 
the damaged epidermis, as described in Table 1.2).

Table 1.2	 Invasive rejuvenation procedures 

Rejuvenation technique Compounds/methods

Injectable Hyaluronic acid
Autologous fat

Autologous platelet-rich plasma

Botulinum toxin

Skin Resurfacing Chemical peels
Dermabrasion
Ablative Lasers
Ablative Fractional Lasers
Non-ablative procedures

1.3.1  Injectable Techniques

Microinjections in the superficial dermis can contribute to 
recover an ideal physiologic environment by improving the 
synthesis of collagen, elastin and hyaluronic acid, cell activity, 
and skin hydration. These microinjections can contain one or 
more biocompatible active components [43, 45].

Dermal fillers are products that are injected into the skin in 
order to improve its physical features by soft tissue augmentation, 

Rejuvenation Procedures
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one of the most common minimal invasive procedures of skin 
rejuvenation. These fillers can be categorized according to their 
source and permanence in the tissue. Regarding their origin, 
fillers can be autologous, i.e., from the person himself (e.g., fat 
tissue) or heterologous, such as collagen derived from human, 
porcine or bovine tissue cultures, animal or synthetic hyaluronic 
acid, synthetic or pseudo-synthetic implants, polymers, etc. 
According to the time that fillers remain in the tissue, they can 
be temporary (results visible only for a few months), semi-
permanent (results visible for 1 to 2 years) or permanent 
(results visible for more than 2 years). Permanent fillers are 
usually non-biodegradable unlike non-permanent fillers, which are 
eliminated eventually through digestion or metabolism [43, 46–
49]. The use of temporary fillers is more common in rejuvenation 
procedures since skin aging is a dynamic process and time 
adaptation is inevitable. These fillers are associated with a low 
incidence of secondary effects and complications. Nevertheless, 
the fillers can produce redness, inflammation, pain, bruising, 
edema, erythema, presence of visible material in the form of 
papules or nodules, tissue necrosis (a rare complication due 
to alterations on the blood flow), infections, hypersensitivity 
reactions, etc. [43, 46–48].

Hyaluronic acid (HA) is a glycosaminoglycan disaccharide 
composed of an alternating and repeating unit of d-glucuronic 
acid and N-acetyl-d-glucosamine. It is an important component 
of the interstitial matrix of the dermis layer and has become the 
“gold-standard” for skin rejuvenation through injectable technique. 
It is a space filler, lubricant, cell regulator (on proliferation and 
locomotion) and promotes the stabilization of the connective 
tissue. HA also increases skin hydration due to its hydrophilic 
ability, and activates fibroblasts, leading to skin augmentation/
rejuvenation. As a temporary filler, its effect can last from 3 to 
12 months, depending on the type of HA used [43, 45, 47, 49].

The distribution of subcutaneous fat between compartments 
becomes more evident with aging in the form of the loss of fat 
volume in facial skin. Autologous fat can be used as a safe and 
natural filler since no rejection or allergic reaction would be 
expected. Although this material can be easily obtained from 
thighs, abdomen, or buttocks, it requires an operation room to be 
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extracted. The duration of its effect is unpredictable; it can last 
from months to several years [45, 47].

Autologous platelet-rich plasma (PRP) from the fresh 
whole blood contains a high concentration of platelets and various 
growth factors that can regulate several processes, such as cell 
migration, attachment, proliferation, and differentiation. It can 
promote collagen synthesis and stimulate fibroblasts activation, 
also leading to skin rejuvenation [43].

Botulinum toxin (BTX) is a neurotoxin produced by 
different strains of Clostridium botulinum. There are seven 
subtypes, neurotoxins A–G, from which only A, B, and F subtypes 
are available for clinical use, the A subtype being the most 
potent. Although BTX can slow down the skin aging process, it 
cannot discontinue this process. The BTX mechanism of action 
consists of blocking the presynaptic release of acetylcholine 
resulting in temporary chemical denervation at the neuromuscular 
junction and leading to striated muscular flaccid paralysis. 
This process occurs through different steps as follows: (a) The 
neurotoxin binds to a specific receptor on the presynaptic 
cholinergic neuron; (b) the toxin/receptor complex suffers 
internalization through endocytosis into nerve terminals, and 
(c) the formed vesicle is lysed, preventing the acetylcholine 
release from inside the cell. A significant wrinkle reduction will 
be obtained through this transitory and reversible paralysis 
state. Although BTX effects are temporary and localized, repeated 
injections may lead to a long-term effect. Nevertheless, the side 
effects are related with BTX’s mechanism of action. Therefore, 
BTX is not indicated under conditions that may be exacerbated by 
the toxin (e.g., pre-existing neuromuscular disorders, psychiatric 
disorders, local infection, etc.). Complications are mild and may 
include pain, edema, erythema, ecchymosis, headache, and short-
term hypoesthesia [43, 44, 50, 51].

The ideal dermal filler should present several characteristics, 
including biocompatibility; absence of immunogenicity; being 
not carcinogenic, infectious, teratogenic neither non-migratory; 
easy to obtain and store; inexpensive; removable (if required); 
with reproducible results, etc. [44, 49].

These techniques have been shown to be effective individually. 
Anyway, the effectiveness of combinations has been studied 
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in order to obtain better and prolonged results with fewer 
side effects. The combination of two or more complementary 
techniques may be the answer to achieve an optimal, adaptable, 
and durable result for skin aging management without 
compromising the skin health or the patient comfort.

1.3.1.1  Skin resurfacing techniques: Chemical peelings and 
dermabrasion

There are several skin resurfacing methods, such as chemical 
peelings, dermabrasion, and laser treatment as follows:

Chemical peelings consist of a chemical ablation of the 
exposed tissue. Chemical exfoliating agents are applied to the 
skin destroying portions of the epidermis and/or dermis through 
epidermolysis, protein precipitation or tissue denaturation, 
which will lead to the activation of skin regeneration and repair 
mechanisms. Peelings can reach different skin depths, depending 
on the substance used, its concentration, pH of the formulation 
as well as the type and condition of the skin, mode and time 
of application, etc. Accordingly, they can reach the epidermal 
layers (superficial peels), the papillary dermis or upper reticular 
dermis (medium-depth peels) or even to the mid/lower reticular 
dermis (deep peels) [43, 44, 52, 53].

Some skin modifications may be observed as a uniform 
distribution of melanocytes and melanin grains, a homogeneous 
thickness of the basal membrane, a fresh sub-epidermal band of 
collagen and network of elastic fibers [43, 44, 54].

Although all skin phototypes (Fitzpatrick scale) respond to 
all peel types, phototypes I to III are less predisposed to scar or 
suffer pigment changes while phototypes IV and V have a greater 
risk of post-treatment dyspigmentation [44, 52].

Dermabrasion is the process of uniform mechanical 
abrasion of the skin, including the epidermis and upper papillary 
dermis layers, and consequently removes or reduces superficial 
wrinkles. It can be performed by using a serrated wheel, diamond 
embedded fraises, wire brush or sterilized sandpaper as a 
cutting tool, which is attached to a rotating handpiece electrically 
powered. However, this technique is highly dependent of the 
operator, requiring specialized skills and experience since any 
inaccuracy may result in major scarring. The healing time can be 
extended to one month. Once more, patients with darker skin may 
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experience dyspigmentation. This technique tends to be replaced 
with or used simultaneously with resurfacing lasers [52, 55, 56].

1.3.1.2  Skin resurfacing techniques: Laser and light therapy

Light possesses particle and wave properties. Whereas wave 
properties comprise light behavior in space and large interfaces, 
such as skin and air, particle properties involve the tissue 
interactions on a molecular level. Lasers have a well-defined energy 
with the capability of ablating selected tissue while preserving 
the surrounding tissue. They may differ in wavelength, intensity, 
and duration of action, being the wavelength the responsible for 
the heat generation and, consequently, the tissue destruction. 
The extreme control of these parameters (mainly intensity and 
monochromaticity) permits a higher degree of precision compared 
with a non-laser source [52, 57]. 

The transformation of light or electrical energy into heat is 
the basic mechanism of photothermal and electrothermal skin 
rejuvenation procedures, respectively. The energy of a laser is 
proportional to its frequency and inversely proportional to its 
wavelength [57].

The light source produces a photon, which transfers its energy 
to a chromophore. The energy absorbed by the chromophore leads 
to an excited state, and to leave that state the chromophore may 
dissipate the energy as heat or fluorescence (reemission of light). 
It is possible to be selective toward the heating process by 
considering specific wavelengths and pulse duration as different 
chromophores may absorb at diverse wavelengths bands. The 
primary absorber is the water present in deeper skin layers. Water 
absorption peaks appear at 980, 1,480, 2,940, and 10,600 nm. The 
optical properties of the skin will determine the laser penetration, 
absorption, and internal dosimetry. Lasers act by selective 
photothermolysis, targeting water in the skin and stimulating 
collagen synthesis, and thus preventing skin aging [51, 55, 57, 58].

In fact, lasers have become quite popular for skin aging 
management. Ablative lasers were first used for this dermatologic 
approach. Then, fractional photothermolysis was introduced 
in order to obtain lesser side effects and lower risks [55, 58]. 
There was also an evolution from laser generation working at a 
continuous wavelength to recent pulsed lasers. 

Rejuvenation Procedures
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In particular, CO2 and erbium:yttrium aluminum garnet 
(Erb:YAG) lasers, which operate at high wavelengths of 10,600 nm 
and 2,940 nm, respectively, are the main lasers used for skin 
rejuvenation. CO2 laser is mainly absorbed by skin water, which 
favors its application for resurfacing techniques. However, 
Erb:YAG laser is around 10 times more selectively absorbed by 
water than CO2 laser, leading to an extremely rapid heating with 
minimal damage to the surrounding tissue. In addition, it is more 
superficial and promotes the skin re-epithelialization earlier. 
These Erb:YAG lasers are extremely effective for all skin types, 
quite flexible, and produce from pure ablation craters to rapid 
superficial abrasion. Although several studies have compared 
these two laser types, no statistical differences were observed 
regarding the wrinkle reduction in most cases. Nevertheless, CO2 
laser seems to be more efficient for collagen synthesis, while Erb:
YAG has milder effects. On the other hand, an improved outcome 
and decreased healing time has been shown with combined laser 
techniques [51, 52, 58].

Ablative lasers are hypothetically more effective than non-
ablative lasers once the ablative technique removes the epidermis, 
causing a more extensive regeneration and prolonged effect, 
while the non-ablative technique keeps it intact. Consequently, 
dermal histological changes are more perceptible after the first 
procedure. On the other hand, the non-ablative approach presents 
lesser side effects [41, 58].

1.3.1.2.1  Ablative laser resurfacing

Ablative laser resurfacing consists of the controlled ablative 
removal of the superficial skin layers, based on the selective 
photothermolysis. An insignificant injury to the adjacent tissue 
can be observed, and the wound healing may occur from days to 
weeks. Whereas the laser penetration into tissue will depend on 
the selective absorption of skin water, the instantaneous tissue 
effects will depend on the laser potency, irradiation speed and 
treatment area. Possible thermal damage may occur due to an 
extended period of laser–tissue interaction. Nevertheless, the 
skin will be renewed by the re-epithelialization process, and 
damaged collagen, elastic fibers, and epithelial cells will be 
replaced with their normal homonyms [44]. There are two types 
of ablative laser, as already mentioned:
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	 •	 Carbon dioxide lasers (CO2 resurfacing): CO2 lasers 
consist of unfractionated fully ablative laser emitting at 
10,600 nm wavelength that deliver peak fluences above 
the ablation threshold of the cutaneous tissue and shorter 
tissue-dwell time. Although CO2 lasers emitting a continuous 
wavelength were initially used, pulsed lasers are now more 
common. In fact, the first CO2 laser generation (continuous 
wavelength lasers) emitted a quite high energy dispended 
for heating instead of ablating tissue. Therefore, this laser 
was limited by its risk of scarring, variable level of thermal 
damage, delayed healing, among other side effects. On 
the contrary, the last laser generation provides a precise 
control of tissue vaporization, hemostasis, and less residual 
thermal damage [41, 44]. CO2 lasers ablate 20 to 60 μm 
of tissue per pass at the ablation threshold for cutaneous 
tissue (5 J/cm2), resulting in a thermal damage zone up 
to 150 μm [41].

	 •	 Erbium:yttrium-aluminum garnet (lasers Er:YAG) were 
developed after CO2 lasers, consisting of a laser emitting at 
2,490 nm wavelength. These lasers can be used for more 
superficial resurfacing processes since they ablate 5 to 
15 μm of skin tissue per pass at the ablation threshold 
resulting in a thermal damage zone smaller than 15 μm. 
This minimum thermal damage can be justified by their 
coefficient of water absorption, which is approximately 
16 times higher than the CO2 lasers. They also cause 
less pigmentation changes in people with higher skin 
phototypes (III and above) [41, 44]. 

Ablative lasers are exceptionally versatile tools and can lead 
to surprising results with just one treatment. However, their 
side effects may limit their use, such as erythema (which can 
be maintained for several months mainly after treatment with 
CO2 laser), permanent hypopigmentation, transitory hyperpig-
mentation, prolonged healing time and post-operative period, 
possible infections (bacterial, viral, or even fungal), and scarring 
[41, 43, 44, 51–53, 58, 59].

This technique is primarily contraindicated in people with 
several clinical conditions, including abnormal wound healing 
(e.g., keloids); vascular diseases; abnormal decrease of adnexal 
structures of skin (as occurs after radiation therapy); deep peels 

Rejuvenation Procedures
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or scars; active infections or immunosuppression; isomorphic 
diseases (e.g., vitiligo); uncontrolled hypertension; diabetes; and 
other significant medical conditions that may be compromised 
by the procedure or compromise the procedure itself [41].

The ideal laser skin resurfacing would provide skin 
vaporization with minimal side effects, relying considerably on 
both depth of ablation and energy fluency. Recent resurfacing 
methods allow the choice of different systems, and the treatment 
can be adjusted individually in order to improve its safety and 
efficacy [60].

1.3.1.2.2  Ablative fractional laser resurfacing

Fractional ablative lasers (CO2 and erbium types) have been 
developed to diminish some side effects of fully ablative lasers. 
In this technique, only skin fractions are ablated, and the laser 
beams just damage or remove an array of microscopic columns 
of skin tissue leading to dermal controlled thermal damage. 
In addition, fractional ablative lasers deeply penetrate into the 
skin. This technique leads to the enhancement of elastin and 
collagen synthesis and to a shorter healing time since the healthy 
skin that surrounds the ablated zone will help in the healing 
process. Fractional ablative lasers differ from fully ablative forms 
by the pixelation of the laser beam [41, 44, 59].

Although the possible side effects may include those 
already mentioned for the fully ablative method (particularly if 
there is an excessive heating), their severity is much moderate. 
Additionally, immediate side effects may include burning sensation, 
discomfort, and redness, which disappear after a few days. 
On the other hand, this method is mainly contraindicated in 
people with a history of keloid scarring, immunosuppression, 
vitiligo, psoriasis, vasculitis, active infections, prior radiation, 
or recent oral retinoid treatment [41, 44, 59]. 

1.3.1.2.3  Non-ablative procedures 

Non-ablative resurfacing methods have been developed in order 
to overcome the morbidity and complications (mainly permanent 
hypopigmentation and scarring) associated to ablative techniques. 
These methods employ visible, near-infrared, and mid-infrared 
wavelengths and a skin cooling system to protect it. In general, 
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less promising results may be obtained compared with ablative 
approaches. Nevertheless, the risk/benefit ratio between the 
different techniques should be taken into account for each case 
[41, 42, 44, 61]. Their mechanism of action is based on non-
ablative fractional photothermolysis, in which the dermis is 
inflamed and thermally denatured in order to stimulate the 
healing process also improved by the surrounding healthy skin. 
During this process, collagen is synthesized and melanin is 
released leading to a pigmentary skin redistribution [42, 51, 61]. 

In contrast to fully ablative resurfacing methods in which 
the thermal damage is homogeneous at a specific depth, in this 
case (non-ablative fractional photothermolysis and fractional 
ablative photothermolysis) the thermal damage only occurs in 
microscopic skin columns called microthermal zones (MTZs). 
The extension and size of these columns are defined by the energy 
used (i.e., higher energy will provide wider and deeper columns). 
The MTZs are encircled with healthy tissue that will help the 
healing process, as already mentioned. This process is safer and 
quicker than the ablative skin resurfacing method. It is used to 
improve skin texture and dyspigmentation, being able to target 
both epidermis and dermis layers. Even though the results 
can be pronounced, it involves multiple treatments to achieve 
them. Side effects are usually mild and temporary, mainly mild 
redness, swelling, blistering, herpes activation, acne flare up, etc. 
Pigmentary changes might be observed in darker skin phototypes 
when compared with treatment with other wavelengths [44, 59, 
61, 62].

Non-ablative infrared lasers were developed to rejuvenate 
the skin with higher safety. Mid-infrared laser heating can 
target dermal collagen by dermal water heating and stimulation 
of collagen synthesis concomitant with epidermal protection 
(cooling). Repigmentation is linked to melanocytes migration 
and proliferation, sideways with the release of cytokines and 
inflammatory mediators. Although this process has fewer and 
less severe side effects, they can still be present, mainly scarring 
and temporary hyperpigmentation due to an aggressive cooling 
[41, 44, 61].

Non-ablative fractional lasers also comprise erbium 
(1,410; 1,440; 1,540 and 1,550 nm), neodymium-doped (1,320), 
diode laser (1,450), and thulium (1,927 nm) [42, 61].

Rejuvenation Procedures
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Pulsed dye lasers (PDL) which use oxyhemoglobin as 
the principal chromophore and intense pulsed light (IPL) are 
other non-ablative rejuvenation procedures based on selective 
photothermolysis. Additionally, less aggressive histological changes 
are observed after treatment with different IPL devices. The 
flash lamps of these devices produce a broad spectrum of light 
heating and denaturating the target tissue and, consequently, 
accelerating the epidermal turnover. Thus, new collagen in the 
papillary and reticular dermis is observed as well as an increase 
of the fibroblasts number. Although IPL absorption spectrum of 
skin chromophores is not monochromatic, a filter addition 
allows the adaption to specific applications. Nevertheless, the 
effectiveness is weaker compared with ablative results [42, 43, 
57, 63].

In summary, the effects of different laser resurfacing 
methods are shown in Fig. 1.1.

Ablative
Ablative
Fractional

Non-ablative
Fractional

Epidermis

Dermis

Figure 1.1	 Effect of different laser resurfacing methods.

1.3.2  Cosmeceuticals

Cosmetic ingredients were once considered inert. Cosmeceuticals 
are topical products on the borderline between cosmetics and 
drugs, presenting a cosmetic effect associated to a physiological 
mechanism. The search for better and effective skin products 
with real bioactivity is increasing since consumers start getting 
interested in understanding the technology and mechanisms 
behind these products design. Therefore, there is a good acceptance 
to cosmeceuticals. It is important to use not only rejuvenation 
methods but also cosmeceuticals to delay and prevent skin aging. 
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Their application will result in significant reduction of lines and 
wrinkles, redness, and discoloration as well as an improved 
skin texture [64–66].

This new field is growing and new possibilities are being 
explored. Cosmeceuticals may have different active constituents 
as follows:
	 •	 Vitamin A and derivatives (retinoids): They increase skin 

hydration, collagen levels (due to increased synthesis and 
reduced metabolism), and epidermal proliferation and 
differentiation (by normalizing keratinization). Additionally, 
they also act as antioxidants and participate in immune 
response regulation. As a result, the skin becomes thicker 
leading to diminished wrinkle fine lines. Deep wrinkles 
require longer treatment periods (weeks to months) to 
obtain visible results [65, 67–69].

	 •	 Vitamin B3: It is a precursor of endogenous enzymes 
cofactors, nicotinamide adenine dinucleotide (NAD) and 
NAD phosphate (NADP), participating in several reactions. 
It is associated with several effects, including skin color, 
anti-inflammatory activity, increase of collagen synthesis, 
barrier function improvement due to the stimulation of 
ceramide synthesis and an increase of the stratum corneum 
thickness. Photoprotection associated to antioxidant ability 
is also suggested for this vitamin [65, 67–69].

	 •	 Provitamin B5: It is a precursor of vitamin B5 and its effects 
are linked to that vitamin’s role. It improves the skin barrier, 
hydration (humectant ability) and wound healing, leading 
to an enhanced skin elasticity and appearance [65, 67].

	 •	 Vitamin C and derivatives: They inhibit tyrosinase and 
show antioxidant activity against radical oxygen species 
(ROS), modulating the UV radiation-induced damage. 
These derivatives have been used in skin lightening and 
anti-aging products since they also play an essential role in 
collagen and elastin synthesis [65, 67–69].

	 •	 Vitamin E and derivatives: These are lipophilic 
antioxidants that can prevent skin damage by reducing 
lipid peroxidation caused by ROS. Furthermore, they reduce 
UV- induced edema and erythema, increase skin hydration, 
control collagen breakdown, and diminish wrinkles and 
tumor formation [65, 67–69].

Rejuvenation Procedures
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	 •	 Vitamin K: It prevents or even treats some vascular 
alterations caused by skin aging [67, 69]. 

	 •	 Vitamin D: Although it has not been studied in the context 
of skin aging yet, its mechanism of promoting epidermal 
differentiation suggests that this molecule could be a 
possible active component of skin products for some age-
related abnormalities [70].

	 •	 Hydroxy acids: They exfoliate the skin improving its 
texture and color distribution. Thus, the skin becomes 
more homogenous and hydrated. For example, glycolic 
acid (a-hydroxy acid) is able to improve skin texture, 
fine wrinkling, and hyperpigmentation [65, 70]. 

	 •	 Sugar amines: Examples are hexose amines glucosamine 
and N-acetyl glucosamine (NAG), which are precursors 
of hyaluronic acid. They can reduce hyperpigmentation, 
increase hydration levels, and exfoliate the skin, leading 
to the improvement of fine wrinkles [65].

	 •	 Ceramides: These are the lipids present in the stratum 
corneum that decrease with age. Thus, skin supplementation 
with these lipids will lead to an improvement of the 
barrier function [65].

	 •	 Metals (magnesium, zinc, copper, selenium, etc.): These 
are cofactors of several enzymes. Their mechanism to 
prevent/treat skin aging is based on antioxidant properties 
and collagen synthesis [65, 70].

	 •	 Peptides: A few examples are acetyl-glutamate-glutamate-
methionine-glutamine-arginine-arginine, which inhibits 
the release of neuromediators, having a botulinum toxin-
like effect; palmitoyl-lysine-threoninethreonine-lysine-
serine and tripeptide copper glycine-histidine-lysine, which 
are fragments of human dermal collagen stimulating the 
collagen production and synthesis of dermal matrix 
components, respectively [65, 71].

Vitamins can be suggested for skin care products to prevent 
and treat skin aging. The effects of vitamins A, B3, C, and E have 
more scientific support in this field [69]. However, vitamin 
formulations can present some technological drawbacks 
regarding their chemical instability and possible inactivation. 
Enzymes formulations can also present some problems and 
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short-lived catalytic activity in the skin. Alternatives are being 
studied to improve or contour those drawbacks, such the use of 
nanocarriers (liposomes, lipid and polymeric nanoparticles, 
cyclodextrins, etc). In addition, extremozymes obtained from 
Thermus thermophilus are able to stand extreme environmental 
conditions and have shown detoxification properties and UVR 
and heat resistance. Additionally, their ability to protect the skin 
from ROS, peroxidation, and UVA-induced damage has been 
revealed. Curiously, this activity increases proportionally under 
hot climate or solar exposure [64].

Other several active ingredients have antioxidant activity 
and are able to regulate epidermal protection from solar radiation, 
such as astaxanthin, carotenoids, cynaropicrin, fucoxanthin, 
myricetin, resveratrol from botanical extracts, etc. [72]. Many 
of these substances are incorporated in sunscreens to protect 
and treat the skin against UVR damage [73, 74].

1.3.3  Procedures Comparison

Skin rejuvenation treatments must be adapted to each patient 
considering the skin type, wrinkle degree, expectations, side 
effects, etc. However, the combination of those treatments could 
be necessary leading to the inevitable comparison between them. 

In general, the main goal is to protect the skin remaining 
its functions and avoiding further aging-induced damage 
(Fig. 1.2). Dermabrasion, a superficial skin resurfacing method, 
is suitable to treat superficial wrinkles. Cosmeceuticals can 
be used at any degree of wrinkle even though results may not 
be visible for deep wrinkles since they require an amount of 
functioning cells that may not be present. On the other hand, 
dermal fillers are usually more useful for more visible wrinkles. 
Chemical peels and lasers therapies are extremely flexible 
and adaptable to each situation, since may also provide a 
simple superficial resurfacing or a deep aggressive treatment 
depending on the characteristics and mechanisms of each 
procedure (Table 1.3).

Although techniques that are effective for more advanced 
wrinkle degrees can be also effective for less severe cases, 
milder methods developed for more early stages of aging may 
not have a visible effect for deeper wrinkles.

Rejuvenation Procedures
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Figure 1.2	 Health and beauty interaction.

Table 1.3	 Most suitable techniques with respect to the degree of the 
wrinkle

There is no literature until this date regarding a standardized 
comparison between all types of procedures mentioned along 
this work. In general, the studies report the absence or presence 
of the effects on wrinkle reduction or a relation of superiority 
or inferiority between treatments However, the outcome 
extrapolation is not particularly accurate since those studies 
are performed at different conditions and including different 
populations. Nevertheless, some studies compare similar or more 
distinct approaches regarding their efficacy. 

For example, Ooe et al. studied the comparison between four 
methods with different levels of invasiveness [63]: fractional 
erbium:YAG laser (2,940 nm), IPL, tretinoin (carboxylic acid form 
of vitamin (A)), and a nutraceutical formulation (amino acids: 
arginine, leucine and glutamine combined with 11 vitamins). 
Significant improvement in wrinkles evaluated by the Lemperle 
wrinkle scale was observed after IPL, tretinoin, and nutritional 
therapy. In addition, WAF (wrinkle area fraction) was also 
measured showing significant effects on wrinkle improvement 
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for IPL and tretinoin treatment. The change of skin quality was 
also controlled against a ratio (immediate recovery to total 
deformation), and the outcomes showed a significant improvement 
with fractional erbium:YAG laser, IPL and tretinoin. Furthermore, 
the satisfaction level was equivalent for all treatments. Regarding 
the downtime, only erbium:YAG laser and IPL required 3 days. 
Finally, these authors concluded that there was no correlation 
between the depth of skin penetration and the wrinkle 
improvement. Accordingly, minimally invasive procedures were 
effective and should be preferred first. In addition, they also 
suggested the combination of different types of non-invasive 
procedures, such as tretinoin and the amino acid supplement [63]. 

Regarding the different laser treatments mentioned in 
this review, there is no statistically relevant data yet proving a 
superior effectiveness of a particular type of full ablative lasers. 
Nevertheless, there is sufficient data to assume that ablative 
approaches are more effective than non-ablative ones, as concluded 
from a study comparing three different non-ablative lasers 
(1,320 nm Nd:YAG, 1,450 nm diode and 1,540 nm erbium:glass), 
and CO2 and erbium:YAG ablative lasers. Although non-ablative 
lasers presented good results improving the skin texture, tone, 
and elasticity, these effects were not still comparable to those 
of ablative methods. In addition, it was also concluded that 
none of the non-ablative methods showed superiority over the 
others [75]. Additionally, a study comparing two ablative fractional 
lasers (CO2 and erbium:YAG) for peri-orbital rhytides suggested 
that both had similar results as well as post-operative healing 
time [76]. Furthermore, another study comparing an ablative 
(CO2 laser) with a non-ablative method (IPL) for perioral rhytides 
presented significantly better results for CO2 laser but with more 
side effects. Nevertheless, patients were more satisfied with the 
ablative method outcomes [77]. It should be noted that these 
results obtained for specific areas may need to be confirmed 
regarding other skin areas. El-Domyati et al. compared the fractional 
and ablative erbium:YAG lasers, observing that both laser types 
had similar effects on the skin (increase of epidermal thickness 
and dermal collagen, etc.) even though more marked effects were 
obtained with the ablative method. Indeed, the outcomes from 
multiple treatments of the fractional method were comparable 
to one session of the ablative method [78].

Rejuvenation Procedures
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Regarding dermal fillers, Baumann et al. studied the 
comparison between HA smooth-gel dermal fillers with injectable 
bovine collagen for the nasolabial fold. The results revealed that 
the improvement on wrinkles provided by HA gels had a longer 
lasting effect than bovine collagen. Additionally, HA gels were 
also preferred by patients [79].

In general, the combination of procedures is already 
showing promising results, such as diode laser/radiofrequency, 
CO2 laser/dermabrasion, CO2 laser/autologous platelet-rich plasma, 
autologous platelet-rich plasma/fractional laser therapy, and 
pulsed light/non-ablative fractional laser [62, 80–83].

As a suggestion, a future comparable study between the 
best different methods for each wrinkle level could be designed 
(e.g., the best non-ablative laser for superficial wrinkles vs. the 
best chemical peeling). Further investigation could be also based 
on the combined treatment of non-ablative fractional laser 
for a primary approach with immediate results, followed by a 
neuropeptide-based cosmeceutical as a maintenance routine in 
order to maintain stable levels of beneficial neuropeptides in the 
skin. In fact, lasers are able to trigger neuropeptide production [84]. 

1.4  Conclusions and Future Perspectives

Time and environmental aggressions result in visible alterations 
on the skin surface, leading to intrinsic and extrinsic aging, 
respectively. Nevertheless, people are becoming more interested 
about their appearance and looking for more effective anti-aging 
procedures in order to prevent and/or delay this process. In fact, 
there are already many available treatments and a growing list 
of new approaches to contour skin aging. However, very high or 
unreal expectative should be avoided considering that it is still 
not possible to revert this natural phenomena. 

A good looking, healthy, and functional skin is the result of 
the interaction of many systems (endocrine, nervous, and immune) 
leading to a perfect balance. Once this balance is disturbed, 
it must be restored even considering the adaptive response. In 
general, the main goal is to improve the skin health and appearance.

Regarding the existing treatments, non-ablative fractional 
lasers will probably gain more ground on this business. However, 
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more aggressive techniques will never cease to exist owing to 
the requirements of some patients and certain situations that 
demand those types of treatment. The ideal anti-aging treatment 
is a personalized treatment in which patient expectations are 
considered.

New approaches to target the skin nervous system, particularly 
neuropeptides, are also being explored. Cosmeceuticals are an 
important evolution of cosmetics with active ingredients that 
can actually protect, restore, and rejuvenate skin. Cosmeceuticals 
containing active molecules capable of modulating neuropeptides 
in the skin will revolutionize daily-use anti-aging creams.

In summary, although the existent procedures used for skin 
rejuvenation are effective and considerably safe, improvement 
and innovation strongly supported by knowledge, alongside with 
sustainable and comparative results, are the future issues in this 
field. The search for safer and more effective procedures should 
never stop. In addition, personalized and combined techniques 
with different action mechanisms seem to be the key for a brighter 
future in skin rejuvenation context.

List of abbreviations

ACTH: Adrenocorticotropic hormone
AR: Androgen receptors
BTX: Botulinum toxin
cAMP: Cyclic adenosine monophosphate
CGRP: Calcitonin gene-related peptide
CGRP-R: Calcitonin gene-related peptide receptors
CRH: Corticotropin-releasing hormone
CR: Calretinin
DHEA: Dehydroepiandrosterone
DNA: Deoxyribonucleic Acid
DOPA: 3,4-dihydroxyphenylalanine 
ER: Estrogen receptors
Erb:YAG: Erbium: yttrium-aluminum garnet
GFR: Growth hormone releasing factor 
GH: Growth hormone
GHR: Growth hormone receptor
GR: Glucocorticoid receptors
GRP: Gastrin-releasing peptide
GRPR: Gastrin-releasing peptide receptor
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HA: Hyaluronic acid
IPL: Intense pulsed light
IV: Intravenous 
KGF: keratinocyte growth factor
LH/CG-R: Luteinizing hormone/choriogonadotropin receptors
MCR: Melanocortin receptors
MR: Mineralocorticoid receptors 
mRNA: Messenger ribonucleic acid
MSH: Melanocyte-stimulating hormones
MTZs: Microthermal zones 
NAD: Nicotinamide adenine dinucleotide 
NADP: Nicotinamide adenine dinucleotide phosphate 
NAG: N-acetyl glucosamine
NGF: Nerve growth factor
NK: Neurokinin 
NKA: Neurokinin A 
NKB: Neurokinin B
NKR: Neurokinin receptors
NPY: Neuropeptide Y
NT: Neurotrophin
PACAP: Pituitary adenylate cyclase-activating polypeptide 
PACAP/VIP-R or PVR: Pituitary adenylate cyclase-activating 
polypeptide and vasoactive intestinal peptide receptors
PDL: Pulsed dye lasers
PHM: Peptide histidine-methionine
PHI: Peptide histidine isoleucine
POMC: Pro-opiomelanocortin
PRL: Prolactin
PRP: Autologous Platelet-Rich Plasma
PTH: Parathyroid hormone
PTHrP: Parathyroid hormone related protein
ROS: Radical oxygen species
SC: Stratum corneum 
SP: Substance P 
T3: Triiodothyronine
THR: Thyroid hormone receptors
Trk: Tyrosine kinase
UV: Ultraviolet
UVA: Ultraviolet A 
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UVB: Ultraviolet B 
UVR: Ultraviolet radiation 
VDR: Vitamin D receptor 
VIP: Vasoactive intestinal peptide
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Chapter 2

2.1  Introduction

A recent study published in the Skin Cancer Foundation has 
revealed a significant rise in melanoma cases among people aged 
18 to 39 years old. The prevalence of 800% among young women 
and 400% among young men sounded like alarm bells.

The skin is our more visible organ and represents the main 
human barrier against external aggressions. Consequently, it 
is particularly susceptible to deleterious effects of UV radiation 
overexposure, including the photoaging, photoimmune suppression, 
and photocarcinogenesis. Although the human skin is provided 
by an endogenous system composed of numerous anti-oxidant 
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molecules, this sophisticated organ could be not efficient enough 
to counteract the activity of several offenders.

Melatonin as a pleiotropic agent can counteract the 
generation of free radicals and, subsequently, decrease the 
harmful consequences of oxidative stress phenomenon. In addition, 
this active agent may allow the enhancement of the immune 
surveillance due to its anti-inflammatory, anti-apoptotic, and anti-
oxidant properties playing a crucial role in the genome stability. 
Last, melatonin as a circadian pacemaker is also able to prevent 
the circadian desynchrony and to restore the circadian rhythm. 
This multiplicity of actions and the variety of biological effects 
of melatonin justify its potential in a range of clinical and 
wellness-enhancing uses.

Notwithstanding a proper behavior by avoiding the excessive 
intermittent or cumulative solar exposure and using sunscreen 
products, the topical supplementation of skin with anti-oxidants 
like melatonin is gaining increasing importance in order to 
counteract the UV-induced depletion of those molecules in skin 
layers. 

In fact, we believe that the incorporation of this “Swiss army 
knife” in sunscreen formulation through a successful topical 
delivery system may be the key strategy to prevent UV-radiation–
induced skin damage, such as pre-cancerous and cancerous 
skin lesions. Therefore, this review aims to highlight the 
potential use of melatonin for inhibition and/or repair of oxidative 
stress and other UV-induced damage in the photocarcinogenesis 
context.

2.2  What Is Melatonin?

Melatonin� is an evolutionally phylogenic old molecule [1, 2]. 
It was discovered by Aaron B. Lerner and his colleagues at Yale 
University School of Medicine in 1958 [3–5]. It is a ubiquitous 
indolamine (N-acetyl-5-methoxytryptamine) derived from the 
amino-acid tryptophan being a widely occurring neurotransmitter-
like compound primarily derived from the pineal gland [2, 4, 6]. 
Melatonin has pleiotropic bioactivities, working not only as a 
�Melatonin: “mela” from melanin and “tonin” from serotonin [1] Reiter RJ, Tan 
DX, Galano A. Melatonin: exceeding expectations. Physiology (Bethesda, Md). 2014; 
29: 325–333.
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neurotransmitter but also as a hormone, cytokine and biological-
response modifier.

Melatonin is a small-size molecule with an amphiphilic 
nature (Table 2.1)—the two characteristics that promote its 
permeability to all cellular compartments allowing it to be present 
in cytosol, membrane, mitochondria, and nuclear structures [6].

Table 2.1  Chemical properties of melatonin [7]

Chemical structure H3CO

N
H

N
H

CH3

O

Chemical group Serotonin
IUPAC name N-[2-(5-Methoxy-1H-indol-3-yl)ethyl]acetamide
Molecular formula C13H16N2O2

Molar mass (g/mol) 232.28
LOG P ~0.48/1.6
Water solubility 2 g/L (at 20°C); 5 g/L (at 50°C)

This hormone production follows a circadian light-dependent 
rhythm of secretion, i.e., its production is influenced by the 
detection of light and dark by our retina. During the day, melatonin 
levels are low because of the light intensity, and by contrast its 
level peaks occur during the night being responsible for inducing 
physiological changes that promote sleep, such as decreased 
body temperature and respiration rate [3].

Melatonin is a functionally and versatile molecule, which 
is involved in numerous aspects of body’s biological and 
physiologic regulation. Its primary role and the first to be 
described was the regulation of circadian and circannual 
cycles—“circadian pacemaker” [8–10]. The role of endogenous 
melatonin in circadian rhythm disturbances and sleep disorders 
is well established but this chronobiotic is also responsible for the 
sexual maturation, energy expenditure or body-mass regulation 
[6, 11]. More recently, some studies found that melatonin and 
its derivatives were potent free radical scavengers and broad-

What Is Melatonin?
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spectrum anti-oxidants. Accordingly, it was suggested that this 
indolic compound may inhibit tumors proliferation and modify 
immunity, the stress response, and certain aspects of the aging 
process [12]. Moreover, melatonin production gradually declines 
with age, and its loss is associated with several age-related 
problems, including Alzheimer’s disease and cardiovascular 
diseases [3, 13–15]. 

The multiplicity of actions (as shown in Fig. 2.1) and 
variety of biological effects of melatonin justify its potential in a 
range of clinical and wellness-enhancing uses.

 
Figure 2.1	 Melatonin: a pleiotropic molecule. (a) [16–18] (b) [4, 19] 

(c) [20] (d) [21] (e) [18] (f) [22, 23] (g) [24–26] (h) [27] 
(i) [28] (j) [29].

2.3  Melatoninergic System

2.3.1  Synthesis of Melatonin in the Skin

Originally, melatonin was believed to be synthesized exclusively 
in pineal gland of vertebrates. Not long after, some studies have 
shown that many extrapineal tissues and organs have the 
capacity to synthesize it. To date, melatonin synthesis has been 
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also identified in the thymus, brain, retina, Harderian gland, lens, 
ciliary body, airway epithelium, bone marrow, immune cells, 
placenta, GI tract, gonads and skin [30–34]. It is believed that 
mammalian skin contains the entire molecular and biochemical 
machinery necessary to perform the process [6]. However, it 
is important to state that the only above-mentioned site that 
seems to exhibit a circadian rhythm of melatonin production is 
the retina [35].

The melatonin-biosynthesis pathway in skin, similar to 
what happens in other organs, is divided into four stages 
(Fig. 2.2), initiated by the uptake of the essential amino acid 
L-tryptophan by pineal parenchymal cells [6, 31, 36]. After this, 
L-tryptophan is converted to another amino acid, 5-hydroxytryp-
tophan due the action of tryptophan hydroxylase enzyme (TPH), 
which is dependent on (6R) 5,6,7,8-tetrahydrobiopterin (6-BH4) 
[37]. There are two isoforms of tryptophan hydroxylase identified 
as TPH1 and TPH2. The first one is expressed in many peripheral 
tissues, including the skin, whereas TPH2 is expressed predomi-
nantly in the central nervous system [38]. Thus, TPH1 is the 
responsible enzyme for the production of melatonin at skin 
level [33]. The second step of melatonin synthesis involves 
the decarboxylation of 5-hydroxytryptophan to serotonin by the 
aromatic amino acid decarboxylase enzyme (AAD). In the 
third step, serotonin is acetylated to N-acetylserotonin by 
arylalkylamine N-acetyltransferase (AANAT). Further, it is methyl-
ated to melatonin via hydroxyindole-O-methyltransferase (HIOMT).

During the melatonin synthesis process, it is considered the 
existence of three limiting stages [36]. These steps are the result 
of TPH, AANAT, and HIOMT enzymatic action. The idea that AANAT 
was essential to the biosynthesis process persisted for several 
decades, but recent findings suggest that the skin has the capability 
to convert serotonin to melatonin by an AANAT-independent 
pathway. In other words, evidence has shown that HIOMT might 
be a rate-limiting enzyme for melatonin biosynthesis rather 
than AANAT [39].

Ribelayga et al. observed that AANAT failed to promote 
melatonin production in Siberian hamster pineal gland while the 
increased activity of HIOMT was positively related to this synthesis 
[40].

Moreover, Liu and Borjigin evaluated whether AANAT is a 
rate-limiting enzyme of melatonin biosynthesis using a genetic 
mutant rat model [41]. Their data demonstrated that melatonin 

Melatoninergic System
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levels were not influenced by AANAT activity neither NAS (product 
of the AANAT activity). In addition, these authors also found 
that melatonin synthesis was limited by the HIOMT activity rate, 
and the recent identification of missense mutations in HIOMT 
from patients who suffered from autism spectrum disorders 
also supports the idea that HIOMT is the rate-limiting enzyme 
in the melatonin production as these patients displayed lower 
levels of melatonin secretion [42].

 

L-Tryptophan 

1 

TPH 
TPH1 
TPH2 

2 

AAD 5- Hydroxytryptophan Serotonin 
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AANAT N-Acetylserotonin 

HIOMT 

MELATONIN 

4 

Figure 2.2	 Scheme of melatonin synthesis in the skin.

2.3.2  Melatonin and Its Metabolites

Melatonin is metabolized through enzymatic as well as chemical 
reactions in a total of three major metabolic pathways: classic, indolic 
and kynuric (Fig. 2.3) [36]. All these pathways are operative in skin 
[43]. In this review, several derivatives were identified, including, 
5-MTT, 3-OHM, AFMK, AMK, 6-hydroxymelatonin sulfate (epidermis 
major metabolite), 2-hydroxymelatonin, 1-nitromelatonin, and 
nitrosomelatonin [31, 37]. Due to its biological significance, three of 
these metabolites are more widely studied, namely: 3-OHM, AFMK 
and AMK [2, 31, 44]. 2-Hydroxymelatonin, 3-OHM, 1-nitromelatonin, 
and nitrosomelatonin are the resultant products of melatonin 
interaction with ROS/RNS.

The classical pathway for melatonin degradation starts 
with circulating melatonin being metabolized mainly in the liver 
by the CYP450 family enzymes (CYP1A2, CYP1A1 and, to a lesser 
extent, by CYP1B1) to 6-hydroxymelatonin (the main product of 
this pathway) [36, 45]. Then, it becomes more polarized by the 
addition of either sulfate (6-sulfatoxymelatonin) or glucuronide 
(extremely limited) facilitating its excretion process. Although 
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it was initially thought that melatonin was catabolized to 6(OH)M 
exclusively in the liver, recent evidence indicates that some 
6(OH)M may be formed at extrahepatic sites, namely in the skin 
[31]. The metabolism in extrahepatic tissues exhibits substantial 
differences, such as the prevalence of the classical, indolic, or 
kynuric pathways depending on the tissue. In the brain, a 
substantial fraction of melatonin is metabolized to kynuramine 
derivatives, for example [46].
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Figure 2.3	 Three possible pathways of melatonin metabolism.

The indolic is the main pathway of melatonin degradation in 
skin and involves the metabolization by melatonin deacetylase 
to 5-methoxytryptamine (5-MTT)—minor derivative [45]. 

Melatoninergic System
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Subsequently, monoamine oxidase transforms 5-MTT to 5-
methoxyindolacetaldehyde (5-MIA), which is enzymatically 
metabolized to either 5-methoxyindole acetic acid (5-MIAA) by 
aldehyde dehydrogenase or 5-methoxytryptophol (5-MTOL) by 
alcohol dehydrogenase [36, 45].

The kynuric pathway metabolizes the melatonin through 
two forms: enzymatic and non-enzymatic, the last one being 
involved in the action of free radicals or ultraviolet B (UVB) 
radiation. Moreover, non-enzymatic reactions with free radicals, 
in particular the superoxide anion and the hydroxyl radicals, 
represent a significant aspect of melatonin’s biological role, 
which will be explained in detail in the chapter—melatonin 
as a “guardian” for prevention of photocarcinogenesis [47]. In 
enzymatic reactions, melatonin is metabolized by indoleamine 
2,3 dioxygenase to produce N-acetyl-N-formyl-5-methox-
ykynuramine (AFMK). AFMK is further metabolized by arylamine 
formamidase to N-acetyl-5-methoxykynuramine (AMK). Posteriorly, 
AMK can produce two different metabolites: AAMC or MQA by 
reacting with either NO+, NO, or HNO or with carbamoyl phosphate, 
H2O2 and Cu2+, respectively [2, 6, 31].

Moreover, the metabolism of melatonin is cell-type dependent 
and expressed in all three main cell populations of human 
skin—keratinocytes, melanocytes, and fibroblasts. The skin 
cell type-specific metabolism, which determines the biological 
effects of melatonin, has not been established until Kim et al.’s 
work in 2013 [45]. These authors have performed several 
experiments with normal epidermal keratinocytes and 
melanocytes, dermal fibroblasts as well as immortalized epidermal 
keratinocytes, and melanoma cells [45]. The main conclusions 
of this multidimensional experimental study were as follows: 
(a) identification of 6(OH)M and AFMK as the main metabolites 
of the melatonin degradation; (b) identification of the indolic 
pathway as the predominant route of melatonin metabolism; 
(c) importance of the kynuric pathway in organs exposed to 
environmental stress such as skin, in contrast to the systemic 
metabolism, in which AFMK may be below or at the limit of 
detection; (d) differences in the rate of melatonin metabolism 
dependent on cell type [45].

Probably, this metabolization exhibits species-, site-, 
and tissue compartment-dependent differences, which are 
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modulated by several factors, such as environmental UVR or 
local adrenergic stimulation levels and hemeproteins [48].

Melatonin has been frequently associated with a protective 
action against oxidative stress both in vitro and in vivo [44, 47, 49]. 
This protective action is also shared by its metabolites constituting 
an anti-oxidant chain, also known as the melatonin’s cascade, 
even at low concentrations [2, 31]. Its particular metabolism 
makes it one of the most potent physiological scavengers of 
hydroxyl radicals found to date [47].

2.3.3  Melatonin Receptors in the Skin

As seen above, some or even much of this multitasking agent’s 
activity may be attributed to its metabolites [32, 39, 50, 51]. 
Furthermore, the pleiotropic activity of melatonin and its 
respective derivatives is mediated by receptor dependent and 
receptor independent mechanisms.

In mammals, two classes of receptors were described: the 
G-protein coupled receptor superfamily and the quinone reductase 
enzyme family [52–54]. 

MT1 and MT2 are considered the true melatonin receptor system 
in mammals and belong to the superfamily of G-protein coupled 
receptors containing the typical seven transmembrane domains 
[50, 55]. They are also described as high-affinity melatoninergic 
receptors.

MT1 is the dominant receptor in the human skin being located 
in the following regions: stratum granulosum, stratum spinosum, 
eccrine sweat glands, upper and inner root sheath, and the 
endothelium of blood vessels [56]. By contrast, MT2 is only 
found in the inner hair sheath, eccrine sweat glands, and in 
the endothelium of blood vessels [36]. MT1 and MT2 were 
distinguished pharmacologically with the use of agonists as 
2-[125I]iodomelatonin [57]. However, these receptors share a close 
pharmacological profile and a homology at the amino acid level 
of around 60% [54].

After the receptor stimulation, it occurs the activation of 
either Gi or Go, depending on the receptor type. Subsequently, 
the activation of second messengers (adenylate cyclase, 
phospholipases C and A2), potassium and calcium channels and 
guanyl cyclase, mediates the intracellular signaling [6].

Melatoninergic System
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Physiologically, the activation of these two receptors triggers 
a distinctive type of effects and cellular responses. Moreover, 
the expression of MT1 and/or MT2 is affected by several variables, 
such as environmental factors (UVB), genetic heritage and certain 
diseases, including skin cancer [58]. Some evidence suggests 
that exposure to UVB induces up-regulation of MT1 expression in 
normal neonatal epidermal melanocytes, while down-regulates 
it in melanoma lines [58]. Further, Kim et al. have revealed 
that the modulatory effect of melatonin on proliferation or 
differentiation of keratinocytes is strongly connected to the high 
expression of MT1 and MT2 in mammalian skin [45].

There is a third melatonin binding site initially described as 
MT3 [51]. However, this biological target of melatonin has been 
posteriorly regarded as a cytosolic enzyme—quinone reductase 
II [59]. Quinone reductases (QR) may be linked with detoxifying 
properties and related to the protection against oxidative stress 
[60]. The hypothesis of MT3 to be more closely similar to the 
enzyme concept instead of the receptor term was supported by 
the observance of the temperature-dependency or by the very 
rapid ligand association/dissociation kinetics. While only a 
small number of natural QR2 co-substrates have been identified, 
recent studies have shown that melatonin may be one of them [61].

Besides the receptors described above, melatonin also binds 
to nuclear receptors of the retinoic acid sub-family or 
orphan receptors (ROR/RZR). This occurs at relatively higher 
concentrations than those required for membrane-bound 
melatonin-receptor activation [6]. All human skin cells express the 
nuclear receptor ROR, which has different isoforms as ROR-1,-2,-3 
or RZR1 depending on the cell type. While dermal fibroblasts 
express ROR-1 and -2, melanocytes or epidermal keratinocytes 
express RZR1 [58].

In addition, other melatonin interactions have also been 
described, such as calmodulin, calreticulin, and microtubular 
proteins acting as melatonin sensors within the cells [55].

In summary, the multiplicity of actions of this promising 
molecule involves on one hand a diversity of targets such as 
membrane bound or nuclear receptors and, on the other hand, 
certain actions which do not require receptors such as direct 
scavenging of free radicals as described below [32, 50].
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2.3.4  Mechanism of Action

The melatonin biosynthesis pathway and the receptors involved 
in its broad-spectrum activity have been well characterized. This 
bioactive substance stands out by the variety of mechanisms 
that it employs to modulate the physiology and molecular biology 
of cells [62].

As already described, melatonin is not synthesized in a single 
organ nor exerts its effects on a specific target organ. For this 
reason, it is not regarded as a hormone, in the classical sense, 
but rather as a cell protector [63].

Melatonin exerts different receptor dependent and receptor-
independent actions mediated by paracrine, autocrine, and 
anti-oxidant mechanisms [64, 65]. It is important to state that 
these diverse actions are not only attributable to melatonin 
since the entire melatoninergic system (melatonin and its 
metabolites) acts to preserve the physical and functional integrity 
of the organism [37, 58].

Melatonin and its derivatives have several abilities by acting 
as potent anti-oxidants, activating cytoprotective pathways, 
counteracting oxidative stress or modulating metabolic and 
enzymatic activities [6]. Although behind different effects are 
different mechanisms, in this review the beneficial effects of 
melatonin in a specific and extremely important organ—the skin 
will be focused.

Several studies have reported the action of melatonin against 
the harmful effects of UVR. In vitro assays have revealed the 
effects of melatonin topical application which were consistent 
with its role as a protector of the skin integrity. Melatonin 
was responsible for an increase in cell viability, mitochondrial 
membrane potential and DNA synthesis. Furthermore, it caused 
a decrease in ROS generation, caspase activity (family of 
endoproteases that provide critical links in cell regulatory 
networks controlling inflammation and cell death), and apoptosis 
process [66–73]. 

Regarding its anti-oxidant activity, melatonin acts as a 
powerful radical scavenger of ROS. Free radicals comprise two 
groups of toxic species: reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) (Table 2.2). ROS and RNS production is 
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dependent on the intracellular metabolism. In addition, a number 
of external agents can promote ROS generation, such as ionizing 
radiation, ultraviolet light, environmental toxins, inflammatory, 
and cytokines.

Table 2.2	 ROS and RNS toxic species

ROS RNS

• 1O2 (singlet oxygen) • NO• (nitric oxide)

• –
2 2O NO  (superoxide) • ONOO– (peroxynitrite)

• H2O2 (hydrogen peroxide) • ONOOH (peroxynitrous acid)
• •OH (hydroxyl radical) • –

2 2O NO   (nitric dioxide)

In other words, both ROS and RNS can function as double- 
edged “sword” as they can be either harmful or beneficial to 
biological systems, depending on the site of generation and their 
respective concentrations [74].

In high levels, ROS/RNS are often associated with the oxidative 
stress which occurs when the levels of free radicals overwhelm 
the cellular defense system designed to metabolize them [2]. This 
last process can involve cell death, senescence, or tumorogenesis. 
Radical scavengers as melatonin neutralize directly free radicals 
and stimulate anti-oxidant enzymatic systems to convert toxic 
species to non-toxic molecules. Melatonin detoxifies oxidants by 
several mechanisms, including single electron transfer, hydrogen 
transfer, and radical adduct formation. Furthermore, melatonin 
enhances the expression of anti-oxidative enzymes such as 
superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GPx) [64]. It should be noted that melatonin also up-
regulates the expression of genes involved in detoxifying both 
ROS/RNS and suppresses the activity of genes involved in the 
generation of those damaging species. Most recently, melatonin 
has been investigated regarding its ability to counteract UVR-
induced enhanced lactate dehydrogenase (LDH) and UVB- 
induced acidification of cytosol [36].

The direct radical scavenging actions of melatonin are receptor 
independent, while the regulation of gene expression may involve 
an interaction of melatonin with its receptors, mainly, including 
MT1 and MT2. In skin cells, receptor-independent melatonin 
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actions also might be mediated partly by the QRII and by the 
up-regulation of the main anti-oxidants enzymes [6, 64].

Concerning to its anti-apoptotic effect, melatonin has 
proved to down-regulate effector caspases (caspase-3, -7, and -9) 
and to reduce PARP (an indirect marker of DNA damage) 
activation [75].

Finally, different studies suggested the anti-inflammatory role 
of melatonin. This last property was demonstrated by inhibition 
of lipid peroxidation and nitric oxide formation and by the 
interference with arachidonic acid metabolism, preventing its 
conversion to pro-inflammatory substances [36].

In summary, the melatoninergic system has diverse actions 
(Table 2.3), all of which could contribute to counteract external 
or internal stresses. Consequently, it preserves the biological 
integrity and maintains homeostasis of the organism, including 
the skin. 

Table 2.3	 Melatonin as a pleiotropic agent [36, 64, 75]

Antioxidant

• Neutralizes directly ROS/RNS (through hydrogen and electron transfers 
and through the formation of radical aducts);

• Stimulates antioxidant enzymes (SOD; CAT; GPx);
• Up-regulates genes responsible for the detoxification;
• Suppresses the activity of genes involved in the generation of ROS/RNS;
• Prevents the acidification of cytosol;

Anti-inflamatory

• Inhibits the lipid peroxidation;
• Avoids the nitric oxid formation;
•  iNOS; COX-2; TNF-a; adhesion molecules;
•  NFkB pathway;

Anti-apoptotic

•  Caspases (-3, -7, -9);
•  PARP activation;
•  Bax gene expression;
•  Bcl-2 gene expression.

Melatoninergic System
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2.4  Photocarcinogenesis

The skin is our passport for a life on dry land [76]. Although it 
may seem strange to consider the skin as an organ, it actually 
represents the body’s largest (1.5–2 m2), heaviest (16% of body 
weight) and most visible organ [77, 78]. Skin is responsible for 
important processes, such as absorption, excretion, secretion, 
thermoregulation, immune surveillance, and sensation [79]. 
Moreover, it protects vital internal organs against external 
harmful agents [76, 80]. Environmental pollution, poor nutrition, 
smoking, severe physical and psychological stress, alcohol intake, 
ionizing, and UV radiations are the main responsible elements 
for skin injury, being estimated that among all these agents, UVR 
contributes up to 80% [81].

Anatomically, the architecture of human skin is made up of 
three structural layers: epidermis (the external layer), dermis 
(which contains hair roots, nervous cells, sweat glands, blood and 
lymph vessels), and hypodermis (the deeper layer consisting 
of fatty tissue that connects the dermis to underlying skeletal 
components) [76, 80, 82–84]. Although keratinocytes are the 
main cells of epidermis, representing 95% of epidermal popula-
tion, melanocytes and Langerhans cells (LCs) are also included in 
this population [80, 85]. Melanocytes localized in the stratum 
basale are the only entities able to synthesize melanin in melano-
somes which is transferred through melanocytic dendrites to 
the adjacent keratinocytes [83, 86]. The photoprotective role of 
this skin pigment is evidenced by the observance of the greater 
extent of DNA damage in the upper layers of the epidermis (with 
lower melanin levels) [87]. Langerhans cells are considered 
the first immunological barrier, once they have the ability to 
promote appropriate adoptive and adaptive immune responses 
[80, 82, 88]. These cells are down-regulated by the UVR 
[87, 89]. This phenomenon is based on local and systemic 
immunosuppression, which is known as a major risk factor for 
the photocarcinogenesis induction [87, 90].

The sunlight has obvious benefits in terms of the human 
health, being responsible for different processes, such as synthesis 
of vitamin D, reduction of blood pressure or mental health 
improvement through neurotransmitters regulation [82]. Its 
importance becomes even more unquestionable if we consider 
the implications of its deficiency. In fact, there is already evidence 
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that suggests that an insufficient sunlight exposure could result 
in certain disorders like osteomalacia and increased risk of 
cardiovascular disease, rheumatoid arthritis, diabetes, depression, 
or multiple sclerosis [82].

However, the daily solar exposure should be controlled since 
humans are also susceptible to sun damage. According to Skin 
Cancer Foundation Statistics, the incidence of both non-melanoma 
(NMSC) and melanoma skin (MSC) cancers has been increasing 
over the past decades. All around the world, between 2 and 
3 million NMSC (the most prevalent form of human neoplasia) 
[91] and 132,000 MSC are diagnosed each year [92]. Squamous 
cell carcinoma (SCC) and basal cell carcinoma (BSC) are the 
two types of NMSC. The transformation of keratinocytes and 
melanocytes both present in the epidermis layer may contribute 
to the emergence of NMSC and MSC, respectively [92–94]. Although 
each type of tumor is linked to different cells, all of them have a 
common etiology. Intermittent or cumulative UV exposure generally 
results in basal cell carcinoma, while squamous cell carcinoma 
is often associated to a lifelong cumulative UV exposure [95, 96]. 
Patients who develop melanoma are normally associated to an 
intense and intermittent UV exposure [95, 97].

Although many factors may contribute to the development 
of skin tumors, including ionizing radiations, viruses, genetic 
factors, and immunologic status, the UVR from the sunlight or from 
artificial sources is considered the most important etiological 
factor [64, 90, 98]. The skin, as the main barrier acting against 
external aggressions, is particularly susceptible to deleterious 
effects of UVR overexposure [99]. These effects include the 
photocarcinogenesis, photoaging, and photoimmune suppression 
processes [90, 99].

Different range of UVR interacts with various types of 
molecules causing distinct consequences in skin. Therefore, it is 
important to identify its action spectrum. The UV light represents 
the portion between visible light and X-rays of the electromagnetic 
spectrum, and can be classified according to the International 
Convention into three major components—UVA (320–400 nm), 
UVB (290–320 nm), and UVC (200–290 nm), as evidenced by 
Fig. 2.4 [64, 93, 98]. The energy of each part of the UVR is inversely 
proportional to its wavelength, UVC being the most energetic 
range and not favorable to life on earth. Fortunately, it is filtered 
by the ozone layer [100]. Regarding UVB, it represents 
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approximately 5% of UVR that reaches the earth [94]. It has 
pleiotropic effects on the human skin (especially on the epidermis 
layer), including apoptosis, inflammation, local and systemic 
immunosuppression or mutagenic phenomena that could 
contribute to the photocarcinogenesis process [90].

Figure 2.4	 UVR penetration into different skin layers and its deleterious 
effects [104]. 

Finally, UVA rays represent 95% of the solar UVR that reaches 
the earth surface [98]. Their energy is relatively lower, and 
therefore, its harmful effect on skin was underestimated for many 
years. However, recent studies have proven that UVA is capable of 
generating ROS by photosensitization reactions which could result 
in DNA, proteins, and/or lipids damage [101, 102]. Furthermore, 
UVA is considered the major source of oxidative stress in human 
skin [103].

While erythema is mainly caused by UVB radiation, 
photoaging, pigmentation changes, photoimmune suppression, and 
photocarcinogenesis can be attributed to both [94]. These effects 
may be explained by the different penetration degrees in the skin 
depend on the UVR wavelength [101]. As shown in Fig. 2.4, UVB 
is limited to the epidermis layer affecting mostly keratinocytes 
but also melanocytes which could lead to NMSC and MSC, 
respectively, as already mentioned. On the other hand, UVA 
rays penetrate into the upper layers of the dermis being more 
responsible for the photoaging process [99].
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Photocarcinogenesis is a multistep phenomenon (initiation, 
promotion and progression) wherein the skin cells acquire 
genomic mutations induced by UV irradiation [93, 94]. This 
phenomenon is inseparable of two other processes, namely, 
oxidative stress and photoimmune suppression.

UVR interacts with the skin being absorbed by target- 
molecules known as chromophores [94]. Different chromophores 
have been identified, such as melanin and melanosomes; proteins 
like porphyrins, riboflavin, tyrosine, histidine, or collagen; 
cholesterol; folate; trans-urocanic acid and DNA [82, 105]. In 
addition, the UVR induces the generation of photoproducts at the 
molecular level which are extremely cytotoxic and mutagenic 
[100]. The most cytotoxic DNA photoproducts include 75% 
of cyclobutane-pyrimidine dimers (CPDs) and 25% of 6–4 
photoproducts (6-4PPs) both responsible for the distortion of 
the DNA helix [80, 100, 106, 107]. However, CPDs species are 
more important since these species are more mutagenic than 6-
4PPs besides being removed quite slowly [107, 108]. The CPDs 
formation occurs especially in the single stranded DNA and at the 
flexible ends of poly (dA:dT) tracts. UVB damage occurs essentially 
on adjacent sites of pyrimidine bases Thymine (T) and Cytosine 
(C) on the same side of the DNA-chain resulting in the four-
membered ring. These TC to TT and CC to TT transitions are 
unique on neighboring dypirimidine bases representing specific 
markers/fingerprints of the UVR implication in photocarcinogenesis 
[107–109]. In general, both types of these bulky photoproducts 
are removed by a complex process of nucleotide excision repair 
(NER).

The NER encompasses approximately 30 proteins (e.g., 
XPC; XPA; RNA Polymerase II; DNA Polymerase; ERRCC1) and 
operates through 4 steps to repair the DNA damage: (a) damage 
recognition, including two mechanisms, the entire genome repair 
and the transcription coupled repair; (b) DNA unwinding; (c) DNA 
incision, and (d) DNA excision and synthesis [107].

Apart from these specific UV-induced damage aforementioned, 
UV radiation triggers other types of effects. It is also able to induce 
oxidative damage and purine photoproducts, DNA crosslinks 
and single-strand breaks. However, these last deleterious events 
are not specific markers of UV action, and may be attributable to 
other damaging agents [105].

Photocarcinogenesis
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Unfortunately, the restoration of normal DNA sequence, 
structure, and chemistry is not always possible. Nevertheless, the 
cell has also other protective mechanisms which do not require 
the removal of DNA damage [110]. These processes are called 
DNA damage tolerance (DDT) mechanisms, and include the 
translesion DNA synthesis (TLS) and the homology-dependent 
repair (HDR) [111]. Although DDT mechanisms are not a repair 
pathway per se, they constitute an important cellular strategy 
by increasing its survival and preventing the genomic instability 
[112].

If the photolesions are not recognized or incorrectly repaired 
and, if DNA repair mechanisms fail before its replication, 
certain cancer relevant genes suffer mutations and a cascade of 
deleterious events takes place [94, 113, 114]. There are two 
types of cancer genes: the suppressor genes which regulate 
the DNA damage, cell cycle control and apoptosis; and the proto- 
oncogenes (e.g., RAS, WNT, MYC, ERK, and TRK) which are 
responsible for the organ growth and the tissue repair [94].

One of the most important tumor suppressor genes is p53-
gene, which is often called the “guardian of the genome” and is 
located on chromosome 17p [94, 101, 107, 115, 116]. In fact, 
the mutation of p53-gene is the most dangerous UV damage by 
disabling the cells to inhibit the cancer development [94]. UV 
acute exposure up-regulates the transcription of this crucial gene 
resulting in an increase of p53 protein production. This protein 
permits to restore the damaged DNA by stopping the cell cycle in 
G1 phase prior to its incorrect replication in next phases [94]. If 
the damage is too extensive and this repair mechanism is not 
possible, the cell has another important repairing mechanism 
which is represented by the apoptosis process. This programmed 
cell death occurs through the action of the tumor suppressor 
gene (p53-gene) or due to the activation of death receptors and 
the subsequent activation of the caspases cascade [94].

Although the carcinogenic effect of UVB has been widely 
described, the role of UVA rays has only recently been reported 
[117]. Accordingly, recent studies showed that UVA radiation 
induces the ROS production and promotes a suppression of the 
local and systemic immunological response, which are indirectly 
associated with the carcinogenesis process [94].

Oxidative stress has a key role on the indirect pathway of 
UV-induced damage. As seen before, ROS could be normal and 
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relatively harmless considering that these species become reactive 
only under certain conditions. For instance, H2O2 needs transition 
metals to promote Fenton reactions [118]. However, when the 
levels of free radicals overwhelm the anti-oxidant system, they 
can become very dangerous entities as a major source of oxidative 
injury in all aerobic organisms [74, 118]. While the majority of 
ROS has a short half-life and the damage is confined to a local 
level, other oxidants like H2O2, could lead to DNA damage at 
distant locations due to their longer half-life [118].

Two typical DNA lesions arise from the interaction of ROS 
with this molecule [105]. The first comes from the oxidation of 
the Guanine (G) base resulting in 8-oxo-7,8-dihydroguanine 
(8-oxo-dG) and 8-hydroxy-2-deoxyguanosine (8-OH-dG) [119, 
120]. The second is represented by the formation of 2,6-diamino-
4-hydroxy-5-formamidopyrimidine (FapydG), which is the most 
predominant guanine-derived modification under hypoxic 
conditions [118]. In addition, other base alterations can occur. The 
production of substances like 5,6-dihydroxy-5,6 dihydrothymine 
(thymine glycol) and 5,6-dihydroxy-5,6-dihydrocytosine (cytosine 
glycol) is the result of the reaction between ˙OH and pyrimidine 
bases [118]. It should be mentioned that thymine glycol and 
8-oxo-dG are known to be markers of oxidative stress in 
carcinogenesis process [118]. The base excision repair (BER) is 
another repair mechanism of lesions that result from exposure 
to endogenous or exogenous ROS avoiding the accumulation of 
unrepaired 8-oxo-dG and 8-OH-dG photoproducts [121, 122]. 
Besides ROS, RNS are also able to induce DNA lesions [120]. The 
increment of nitric oxide (NO) levels can be due to UV-induced 
up regulation of NO synthetases and to UVA decomposition of 
endogenous NO sources. Nitrotyrosine and 8-nitroguanine are 
two species resulting from the interaction between RNS and 
proteins or DNA, respectively [120]. The last interaction occurs 
commonly with Guanine, once it has the lowest oxidation potential 
being the most susceptible base [102]. The genotoxicity process 
is represented in Fig. 2.5.

In fact, RNS in combination with ROS may lead to even more 
genotoxic products and DNA injuries and, ultimately, resulting 
in mutagenesis and carcinogenesis events [120].

Fortunately, the cell has defense machinery represented by 
enzymatic and non-enzymatic anti-oxidants that help to protect 
against the UV-induce oxidative damage [102, 123]. Beyond the 
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endogenous anti-oxidant protectors as SOD, GSH, or catalase, 
free radical scavengers, such as melatonin, may be a key factor 
for the prevention and/or inhibition of the photocarcinogenesis 
process. In fact, this is one of the mechanisms by which 
melatonin is identified as a guardian of the genome.

 

Unsuccessful 
Repair 

Successful Repair 

DAMAGING AGENT 

ROS RNS UVR 

DNA single 
strand breaks 

8-oxo-dG 
8-OH-dG 
FapydG 

Cytosine glycol 
Thymine glycol 

 

Nitrotyrosine 
8-nitroguanine 

6-4 PPs 
CPDs 

DNA DAMAGE CHECKPOINT 

DNA DAMAGE REPAIR 

NER HDR TLS BER 

Viable surviving 
cells 

Cell death: 

 Apoptosis 
 Necrosis 

Mutations & Genomic instability 
of damaged surviving cells 

SKIN CONSEQUENCES 

Photosensization Photoimmune 
supression 

Photoaging 

PHOTOCARCINOGENESIS 

Figure 2.5	 Theoretic scheme of genotoxicity associated to photocarcino-
genesis.



63

Besides the anti-oxidant mechanism, the human body is 
constantly trying to maintain the homeostasis through its immune 
system [118]. Photoimmune suppression is considered another 
major risk factor for skin cancer development and can result from 
a single exposure to UVR during a normal occupational or 
recreational exposure [90, 124]. This effect is usually mediated by 
several mechanisms, as follows: (a) release of immunosuppressive 
cytokines (IL-10; TGF-b), (b) decrease of immunostimulatory 
cytokines (IL-12, -23), (c) migration of UV damaged Langerhans 
cells to lymph nodes, and (d) defects induction in antigen 
presentation [125]. Some authors, including Ullrich [90], suggest 
that photoimmune suppression is a secondary effect of the cell 
defense mechanisms to guarantee the genomic stability.

In any case, it is known that both processes, i.e., oxidative 
stress and photoimmune suppression, not only favor the 
mutational changes but also improve the genomic instability 
[90, 126].

2.4.1  Genomic Instability and Its Impact on 
Photocarcinogenesis

Genomic instability is a dynamic process considered as a key 
driver of many types of human cancer, including the skin cancer 
[112, 127, 128]. The loss of genome integrity involves a continuous 
and accumulated modification of the cellular genome [128].

The genomic instability can emanate from either exogenous 
or endogenous sources [128]. Numerous exogenous agents are 
well established, such as the cigarette smoke, the occupational 
exposition to heavy metals, the infrared radiation (IR), the UVR 
and, the most recently described, the light at night (LAN) 
[128]. LAN is associated with night shift work and involves the 
circadian disruption. In other words, this phenomenon is 
translated by the suppression of circadian melatonin production, 
and it was recognized as a possible carcinogen in 2007 by the 
World Health Organization (WHO) [128, 129].

It is widely established that both UVA and UVB radiation 
cause genomic instability in mammalian cells. As stated above, 
UVB is a complete carcinogen agent, promoting direct damage 
to the DNA molecule as well as generating ROS in the skin [126]. 
UVA is more linked to the generation of ROS, being suspected 
to play an important role on the induction of genomically unstable 
malignant melanoma [130, 131].

Photocarcinogenesis
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Among endogenous factors, there are the ROS, mitochondrial 
dysfunction, replication errors and transposable elements— 
“entities that can rearrange the genomic material of their hosts 
in the process of their mobilization” [128].

After the initial insult, the genomic instability can be 
manifested by different ways [128]. The affected cells may 
experience several harmful situations which can occur at the 
nucleotide level and/or at the gross chromosomal level [127]. 
The highpoint of these mutations can be a gene mutation 
(single base-pair substitution or deletions); chromosomal 
rearrangement (insertions, deletions, translocations or 
inversions); cellular transformation; cell death and, ultimately, 
carcinogenesis [128, 132].

Unfortunately, some of these situations represent persistent 
changes, such as the genomic instability induced by the UVR, 
which can be perpetuated for many cell generations [133, 134]. 
In fact, Dahle et al. have reported that UVR induces an 
enhancement of mutation rates and chromosomal instability in 
many cell generations after the radiation insult [134–136]. This 
can be explained by the fact that UV-light could initiate a process 
in a cell that can be spread to other cells through a cascade of 
cellular events. The mechanisms that underline this continuous 
instability include several factors, such as
	 (a)	 persistent induction of DNA damage by the increased ROS 

level;
	 (b)	 mutation in DNA repair enzymes;
	 (c)	 cell-to-cell gap junction communication;
	 (d)	 secreted factors from unstable cells.

These last two factors are responsible for what is known 
as the bystander effect. The concept arose in the 1970s from a 
group of immunologists, and it is defined as the induction of 
biological alterations in non-stimulated cells by signals transmitted 
from stimulated neighboring cells [137]. This phenomenon was 
initially tied up with ionizing radiation even though recent 
studies have evidenced that it is also valid for other cell stressors, 
namely UVR [137, 138]. Besides the direct mechanisms, the 
bystander effect is fivefold higher for UVB than for UVA radiation 
[134]. 

According to Widel, the cellular consequences of the 
bystander effect can include reduction of cell survival, induction 



65

of apoptosis and genomic instability, chromosomal aberrations, 
micronuclei formation and delayed cell death [137]. These 
biological adverse events can arise even in non-irradiated cells via 
intercellular communication or/and via the medium [134, 137, 
138]. Since the mediators of the bystander mechanism are not 
well established yet, further studies are required to better elucidate 
them. However ROS, RNS and pro-inflammatory cytokines such 
as IL-1, IL-6, IL-8, interferon gamma (IFN), and tumor necrosis 
factor (TNF)-alpha are probable candidates. ROS may be 
considered as the main inducers of this phenomenon [136, 137]. 
Such hypothesis is evidenced by the reduction of bystander effect 
when the irradiated and bystander cells are treated with free 
radical scavengers like ascorbic acid or DMSO [139, 140].

The significance of the bystander effect on health remains to 
be evaluated, and its in vivo occurrence has not been clearly 
defined as well [137]. Nonetheless, the amplification of the 
deleterious genomic consequences by this phenomenon is quite 
evident [137, 141] especially when considering the photoimmune 
suppression process. As stated before, this event is considered 
a major risk factor for photocarcinogenesis and is not restricted 
to the irradiated zone. It is also able to affect the surrounding 
tissues even the entire organism due the immunosuppressive 
cytokines or the defective antigen presentation [90].

Melatonin as a pleiotropic agent can counteract the generation 
of free radicals, and subsequently, decrease the level of bystander 
effect-mediators. In addition, this active agent may allow 
the enhancement of the immune surveillance due to its anti-
inflammatory, anti-apoptotic and anti-oxidant properties. All 
these contributions could not only represent a reduction in 
the genomic instability but also a decline in its perpetuation, 
which justifies the melatonin potential on photocarcinogenesis 
prevention.

2.4.2  Circadian Cycle Connection between Cell 
Physiology and Photocarcinogenesis

The concept of clock entrainment or circadian� rhythm has 
emerged as a result of the natural survival instinct [142, 143]. 
This term is defined by the American Heritage® Science Dictionary 

�(Latin circa diem, meaning “about a day”).
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as “a daily cycle of biological activity based on a 24 h period and 
influenced by regular variations in the environment, such as the 
alternation of night and day” [144]. The clock core machinery 
is controlled by genes responsible for cycling negative feedback 
loops, being synchronized by light detected by the retina, and 
subsequently, transmitted to the hypothalamic suprachiasmatic 
nuclei (SCN) in the brain [128, 145, 146]. Typically, the circadian 
system consists of three major constituents: (a) a central clock 
(CC), (b) an entrainment pathway(s), and (c) CC-responsive 
peripheral tissues [128]. One of the master clock characteristics 
is the self-sustainment, i.e., it has an auto-regulatory activity 
[128]. Nonetheless, it is entrained by external stimuli being 
the environmental light/dark cycle the most powerful external 
stimulus. Curiously, it is the daily periodicity of the light/dark 
cycle that synchronizes the CC-driven oscillation of melatonin 
production in the pineal gland [128]. Similar to melatonin synthesis, 
there are several peripheral CC-responsive tissues, namely, liver, 
intestine, heart, adipose tissue, or retina [143, 147–149].

The role of the circadian rhythm is unquestionable, 
and it is represented by the control of different behavioral 
and physiological systems, including the body temperature, renal 
activity, locomotor activity, sleep-wake cycles, cardiovascular 
activity, endocrine regulation of energy metabolism and 
gastrointestinal tract motility [145]. At cellular level, it orchestrates 
changes in xenobiotic metabolism and detoxification, cell cycle 
events, DNA repair, apoptosis, and angiogenesis [150].

This system has such importance that it still remains a 
hot topic in science research. Regarding this, light-mediated 
perturbation of circadian rhythms has been associated with three 
major events: (a) melatonin suppression, (b) chronodisruption, 
and (c) sleep deprivation [128]. Each of these events, individually 
or in combination, may be associated with increased morbidity 
and mortality [145]. In fact, both in vitro and in vivo data suggest 
the implication of circadian desynchrony in several pathologic 
conditions, including tumorigenesis and progression of cancer 
[146]. Besides the photoimmune suppression and genomic 
instability, the desynchrony of rhythmicity is also presumed to 
lead to an uncontrolled cell proliferation status and seems 
to increase the photocarcinogenesis process [151–153]. To 
understand better this interconnection, we can also note that 
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NER, which has an undoubted relevance in the maintenance of 
genome integrity, depends on the circadian rhythm. In other 
words, this excision repair mechanism has as rate-limiting 
factor, the XPA protein, which is controlled by the circadian clock 
what makes that genomic instability, circadian rhythm and 
photocarcinogenesis are three inseparable concepts [154].

Accordingly, some epidemiological studies clarify the link 
between disruption of circadian rhythms and the emergence of 
tumors [146]. However, it still lacks scientific evidence about 
how and why the circadian rhythm affects the cell proliferation 
in vivo and its disruption may conduce to tumorigenesis [145].

Melatonin as a chronobiotic molecule has been intensively 
investigated. It is responsible for resynchronize the CC by providing 
information about light/darkness from the retinohypothalamic 
system [128]. Furthermore, the synthesis of this molecule follows 
a circadian rhythm which has been related to the core circadian 
machinery genes [146].

Moreover, it has been suggested that DNA damage itself can 
disrupt the circadian clock, therefore promoting its maintenance 
[128]. In this sense, by restoring the circadian rhythm and 
preventing the circadian desynchrony, exogenous melatonin has 
been claimed as a novel strategy for prevention of the genome 
instability and consequently of the skin cancer.

2.5  Melatonin as a “Guardian” for Prevention 
of Photocarcinogenesis

2.5.1  Endogenous and Exogenous Anti-Oxidants as 
Skin Defenders

The avoidance of an excessive intermittent or cumulative exposure 
to UV rays and the use of a proper sunscreen are the main 
weapons to reduce skin aging and the risk of skin cancer (primary 
approach) [90]. In addition, anti-oxidants could represent a 
secondary approach for the maintenance of skin integrity by 
attenuating the harmful effects of free radicals and by enhancing 
the efficiency of DNA repair systems [155].

Human skin is provided by an endogenous anti-oxidant 
system composed by numerous molecules, such as melanin, GSH, 

Melatonin as a “Guardian” for Prevention of Photocarcinogenesis
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catalase, SOD, uric acid and ubiquinol� [156]. As a general rule, 
the epidermis comprises higher concentrations of anti-oxidants 
than the dermis layer [155]. However, this sophisticated organ is 
not always sufficiently “strong” to counteract the activity of its 
several offenders [155]. Furthermore, UV exposure leads to a 
depletion of skin anti-oxidants, which in turn seems to trigger 
skin diseases [155, 157].

In this context, the exogenous supplementation and the 
topical application of anti-oxidants might be a protective 
strategy against skin oxidative injuries by preventing the harmful 
consequences of ROS action [158–161].

Several in vitro studies have convincingly evidenced the 
potential benefits of sunscreens supplemented with anti-oxidants 
[157, 162]. However, the extrapolation of these data to in vivo 
conditions is not always easy [98]. Surprisingly, anti-oxidants 
can also act as pro-oxidants, the reason why Sing et al. affirmed 
that anti-oxidants can pass from “Miracle Molecules” to 
“Marvelous Molecules”, depending on the presence of –

2 2O NO  and 
transition metals (like iron or copper) [81, 163]. These compounds 
may interfere with tumorigenesis in a dichotomous way: either 
suppressing it by preventing oxidative stress to DNA molecule or 
promoting it by permitting survival of cells that are metabolically 
impaired [155]. Therefore, it is important to recognize that 
the treatment of skin with exogenous anti-oxidants after UV 
exposure could be not always associated with a protective effect 
[81, 98, 157].

2.5.2  Melatonin Protects against Skin Photodamage

Presently, the topical treatment of skin with anti-oxidants like 
melatonin is gaining increasing importance among dermatologists 
[72, 81, 164, 165]. In fact, melatonin has a prominent role among 
a wide variety of anti-oxidants or other phytochemical compounds 
(coenzyme Q, lycopene, selenium, bioflavonoids, genistein, 
silymarin, retinoic acid, or proanthocyanidins from grape seeds), 
once it combines its radical scavenger activity with its anti-
inflammatory and anti-carcinogenic properties [62, 146, 157, 164].

In addition, some general facts of melatonin on skin cells 
should be reported to comprehensively characterize it as a 
guardian for prevention of photocarcinogenesis.
�An electron-rich (reduced) form of coenzyme Q10.
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Firstly, it should be reminded that apart from being a 
melatonin target, human skin is also a synthetic and metabolic 
organ of this multifunctional agent [36]. Moreover, it is important 
to remember that beneficial effects of melatonin by preventing 
cells death occur a step before “the point of no return” and may 
be amplified by its derivatives through the melatoninergic cascade 
[36]. Furthermore, melatonin exerts different effects on distinct 
UV-irradiated cell types. For example, melatonin has proved 
to increase the fibroblasts viability by avoiding the formation of 
polyamines, the accumulation of malondialdehyde (a mutagenic 
and carcinogenic substance), and by decreasing the apoptosis 
process [58]. Regarding the main population of epidermis, 
melatonin has been shown to counteract the typical UV-induced 
reduction of cell viability when applied at high doses (10−3 M). 
In both cell types, melatonin has exerted its radical scavenger 
activity by suppressing the generation of ROS as well as 
increasing the rate of cell survival.

Additionally, it is convenient to emphasize that the time 
of application (prior or after UV exposure) and the melatonin 
dose may be critical for determining its efficacy. Thus, relevant 
in vitro and clinical studies were included in Tables 2.4 and 2.5.

Regarding the melatonin dose, it is important to consider 
what is expected of this molecule also called as “Swiss army 
knife” [1]. Accordingly, the doses required for receptor-mediated 
melatoninergic effects (immune and circadian modulation, anti-
oxidant enzyme regulation, etc.) are typically lower than those 
required for receptor-independent actions (like free radical 
scavenging) [1]. According to Reiter et al., the idea that melatonin 
acts exclusively as a free radical scavenger in pharmacological 
concentrations is not correct particularly in photocarcinogenesis 
context. Moreover, and as evidenced below, the melatoninergic 
benefits are dose-dependent [45, 166]. As reviewed by Scheuer 
et al., the topical application of melatonin conduced to a dose-
dependent decrease of erythema degree. Thus, a formulation 
containing 2.5% of melatonin proved to be more effective in 
preventing UV-induced erythema than a formulation with 1% 
of the same active. However, it is important to note that the 
ideal concentration of melatonin is not well defined yet and 
further studies will be needed to assess the required dose to 
achieve an effective photoprotection [166].

Melatonin as a “Guardian” for Prevention of Photocarcinogenesis
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Concerning the time of application, it is well established 
that the application of melatonin after UVR has no skin protective 
effects [167]. This fact was corroborated by Howes et al. through 
a clinical study conducted with 16 healthy volunteers. The authors 
studied the effects of topical melatonin, and concluded that 
melatonin did not protect against sunburn or immune suppression 
when applied after solar-simulated UV exposure [168]. On the 
contrary, its photoprotective role is widely recognized once 
applied prior to UV exposure [169]. Dreher et al. justify this time-
dependent response based on the fact that UV-induced skin 
damage is a rapid event, which implies relevant anti-oxidants 
concentrations in the appropriate target both at the beginning 
and during oxidative insult [169].

Accordingly and as summarized in Table 2.3, melatonin 
exerts its role as a skin guardian due to its multitasking 
nature, and consequently, this active molecule seems to exceed 
expectations in terms of cancer prevention, namely skin cancer [1]. 

2.5.3  Cosmetic and Therapeutic Perspectives

Clinical and cosmetic applications of melatonin were firstly 
based on the evidence of its benefits in the plant kingdom [32]. In 
fact, the presence of high levels of melatonin in most plants led to 
its use in traditional Chinese medicine. Those botanical extracts 
are usually used to treat pathologies or disorders which could be 
associated with free radical injury, such as certain skin diseases or 
age-related phenomenon [171]. Curiously, other studies evidenced 
that plants exposed to strong UV irradiation, such as Mediterrean 
flora, present high levels of melatonin, which is consistent with 
its role on the prevention of UV-induced damage [172].

Although melatonin is produced in humans as extensively 
described, it could be also supplemented especially for certain 
diseases and/ or disorders. Regarding the route of administration, 
melatonin undergoes extensive first-pass degradation when 
taken orally, whereas its ability to penetrate into the stratum 
corneum and to form a depot when topically applied justifies 
the option for this last route [83, 173, 174].

Oral melatonin supplementation is especially used for 
phase shift and sleep disorder treatments. There are also several 
studies that recently claimed its oncotherapeutic role [175, 176].

Melatonin as a “Guardian” for Prevention of Photocarcinogenesis
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In terms of oral toxicity, Bella et al. have investigated the 
safety use of melatonin over 42 years. These authors showed 
that a daily oral dose of 20–40 mg (pharmacological doses) up 
to a maximum of 1000 mg I.V. was perfectly well tolerated by 
the patients without toxicity or significant side effects, except the 
temporary drowsiness reported at the beginning of the treatment 
[176]. Moreover, interventional human studies with a melatonin 
diary intake of 1–6.6 g during 30–45 days followed by a battery 
of biochemical tests, have not detected any potential toxicity 
[176]. Accordingly, the Scientific Committee on Consumer Safety 
of the European Commission considers an acute oral LD50- 
value of melatonin > 3200 mg/kg body weight (high dose), which 
justifies the fact that melatonin is not considered as acutely 
harmful [177]. Nevertheless, a higher inspection of these 
nutraceutics by the competent regulatory authorities should be 
assured.

The melatonin incorporation in novel topical pharmaceutical 
and cosmetic delivery systems is a recent hot topic of formulation 
development [83, 178]. Nowadays, topical melatonin is mainly 
incorporated in hair care products indicated for androgenetic 
alopecia. In addition, recent clinical studies have tried to include 
this hormone in sunscreen (clinical trial—phase I) and anti- 
aging creams [83, 179].

Additionally, it is important to note that melatonin is a 
photosensitive substance that is particularly important during the 
development of topical formulations (mainly sunscreens) [180]. 
The strategy to encapsulate this radical scavenger on a safe and 
effective manner may be based on nanodelivery systems such 
as ethosomes, liposomes, and Pickering emulsions [181, 182]. 
Recently, we have successfully developed and characterized an 
innovative and “green” sunscreen formulation based on Pickering 
emulsions concept, i.e., surfactant-free emulsions stabilized by 
solid nanoparticles, natural oils and physical UV filters associated 
to melatonin as a key strategy for preventing the UV-induced skin 
damage (submitted data).

Concerning the dermal toxicity, no specific studies have been 
performed yet. However, Sugden et al. investigated the toxicity of 
melatonin applied subcutaneously in mice and rats determining 
an LD50-value (24 h) > 1600 mg/kg body weight [177].
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2.6  Conclusion

The skin is an organ with an unquestionable importance for the 
organism protection and integrity. Unfortunately, this protective 
role could be overwhelmed by solar/UV overexposure. In this 
context, the prevalence of skin cancers is increasing at an alarming 
rate around the world, which justifies the urgent adoption of 
effective protective strategies.

The intracutaneous melatoninergic system is activated in 
response to external offenders as UVR. Consequently, melatonin 
may be a pivot agent for maintaining the functional integrity 
of the skin protecting it from UV damage. Furthermore, it is 
important to remember that beneficial and multiple effects of 
melatonin may be amplified by its several derivatives through 
the melatoninergic cascade. In fact, its particular metabolism 
contributes to consider melatonin as one of the most potent 
physiological scavengers of free radicals found to date.

The multiple clinical applications could be based from its 
primary role as a circadian pacemaker to its promising action as 
an oncotherapeutic agent. Oral and/or topical formulations are 
already used for an effective and safe melatonin supplementation.

Melatonin can be also considered as a new and effective 
compound which could be included in sunscreens and/or anti- 
aging formulations. However, further studies are still needed 
regarding its photostability, effective dose, and dermal toxicity.

In a near future, we believe that these constraints will be 
overcome, and melatonin will take its place under the sun in the 
cosmetic and pharmaceutical market.

List of Abbreviations

3-OHM: Cyclic 3-hydroxymelatonin
5-MIA: 5-Methoxyindolacetaldehyde
5-MIAA: 5-Methoxyindole acetic acid
5-MTOL: 5-Methoxytryptophol
5-MTT: 5-Methoxytryptamine
6(OH)M: 6-Hydroxymelatonin
6-BH4: (6R) 5,6,7,8-Tetrahydrobiopterin
6-4PPs: 6-4 Photoproducts
8-oxo-dG: 8-Oxo-7,8-dihydroguanine

List of Abbreviations
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8-OH-dG: 8-Hydroxy-2-deoxyguanosine
FapydG: 2,6-Diamino-4-hydroxy-5-formamidopyrimidine
AAD: Amino acid decarboxylase
AANAT: Arylalkylamine N-acetyltransferase
AAMC: 3-Acetyamidomethyl-6-methoxycinnolinone 
AMK: N-Acetyl-5-methoxykynuramine
AFMK: N1-Acetyl-N2-formyl-5-methoxykynuramine
BER: Base excision repair
BSC: Basal cell carcinoma
C: Cytosine
CC: Central Clock
Cytosine glycol: 5,6-Dihydroxy-5,6-dihydrocytosine
CAT: Catalase
CYP: Cythocrome 
CPDs: Cyclobutane-Pyrimidine Dimers
DDT: DNA damage tolerance mechanisms
DNA: Deoxyribonucleic Acid
GI: Gastro Intestinal
GPx: Glutathione Peroxidase
G: Guanine
HDR: Homology-dependent repair
HIOMT: Hydroxyindole-O-methyltransferase
IL: Interleukin
IR: Infrared radiation
LAN: Light at night
LC: Langerhans cells
MAO: Monoamine oxidase
MQA: N-[2-(6-Methoxyquinazolin-4-yl)-ethyl]-acetamide
MSC: Melanoma skin cancer
MT1: Melatonin surface receptor 1
MT2: Melatonin surface receptor 2
MT3: Melatonin receptor 3/quinone reductase II
NAS: N-Acetylserotonin
NER: Nucleotide excision repair
NMSC: Non-melanoma skin cancer
PARP: Poly(ADP-ribose) polymerase
QR2: Quinone reductase II
RNS: Reactive nitrogen species
ROR: Nuclear receptors of the tyrosine kinase-like orphan receptor
ROS: Reactive oxygen species
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RZR: Retinoid Z receptor
SCC: Squamous cell carcinoma
SOD: Superoxide dismutase
T: Thymine
T1/2: Half-life
TGF: Transforming growth factor
Thymine glycol: 5,6-Dihydroxy-5,6 dihydrothymine
TiO2: Titanium dioxide
TLS: Translesion DNA synthesis
TPH: Tryptophan hydroxylase
UVA: Ultraviolet A (320–400 nm)
UVB: Ultraviolet radiation type B (280–320 nm)
UVR: Ultraviolet radiation
WHO: World Health Organization
ZnO: Zinc oxide
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Safety and Efficacy of  Sunscreen 
Formulations Containing Carrier or 
Non-Carrier-Based UV-Filters

Several parameters should be assessed during the formulation 
phase in order to provide safe and efficient sunscreens with a 
high cosmetic quality. Product safety is guaranteed by reduced 
adverse reactions mainly caused by fragrances, preservatives, 
emulsifiers, and UV-filters.

Both raw materials and finished products must undergo 
screening with safety tests using in vitro assays to determine 
irritation, cytotoxicity, corrosivity, phototoxicity, and allergenicity. 
When acceptable results are obtained (i.e., absence of any 
risks), these materials and/or products can be further analyzed 
by human in vivo tests. In vitro and in vivo efficacy studies 
should be also conducted considering the type of product. 
Although in vitro tests are useful to evaluate isolated events, it 
is necessary to extrapolate them to the human skin since skin 
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penetration does not occur in these studies. Thus, both in vitro 
and topical studies are necessary to guarantee the efficacy of a 
cosmetic product.

A careful selection of in vitro tests is required to evaluate 
sunscreens since most UV-filters are poorly solubilized in culture 
medium, and some physical UV-filters (nanoparticles) have high 
adsorption capacity and optical activity, which may influence 
some conventional assays. The most commonly used physical UV-
filter  is titanium dioxide that is found either in fine particles and 
in nanoparticles. TiO2 nanoparticles are widely manufactured and 
applied to sunscreen formulations. Notably, these nanoparticles 
have different physicochemical and bioactivity properties 
compared to fine particles. Although most authors consider that 
TiO2 nanoparticles do not penetrate the skin, some studies have 
reported that some skin damage such as UVB-induced burning 
could enhance the penetration of TiO2 nanoparticles. However, it 
is still accepted that TiO2 nanoparticles do not achieve systemic 
availability after cutaneous exposure.

Therefore, this chapter aims to focus on the safety and 
efficacy of sunscreen formulations containing carrier- or non-
carrier-based UV-filters.

3.1  UV Radiation and the Skin

Of the UV radiation that reaches the Earth, 90–99% is UVA 
(320–400 nm) and only 1–10% is UVB (280–320 nm). UVC 
(200–280 nm) is filtered by the ozone layer and does not reach 
the Earth [1, 2]. UVA radiation represents the longest wavelength 
(lowest frequency and energy), is able to penetrate into the 
deeper layers of the skin, and is responsible for the induction of 
skin photoaging and tanning, as well as immediate and persistent 
skin pigmentation. UVB radiation represents a lower wavelength 
than UVA (higher frequency and energy), is able to penetrate 
the superficial layers of the skin due to the presence of higher 
amount of UVB than UVA chromophores, and is responsible for 
sunburn, skin cancer, and photoaging [3]. Considering that both 
UVA and UVB radiation has enough energy to affect the skin, 
exposure to UV can damage the skin. Among the acute effects, 
the most important are erythema (inflammation) and tanning 
(increase in melanogenesis) [4]. The chronic effects of UV 
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exposure involve a gradual deterioration of structures and 
skin function due to cumulative DNA damage and chronic 
inflammation [4, 5]. In addition, chronic exposure to UV radiation 
leads to skin aging, wrinkles, uneven pigmentation, loss of 
elasticity, and changes in skin barrier function [6].

Whereas UVB is erythemogenic and carcinogenic, UVA can 
induce photoaging, damage to DNA, RNA and proteins, and also 
reactive oxygen species (ROS) production, such as formation of 
singlet oxygen, superoxide anion and the hydroxyl radical, which 
damage DNA and cell membranes and promote carcinogenesis 
and some changes associated with photoaging [7]. The first 
association between the development of skin cancer and sunlight 
was described in 1894 [8]. Since then, many correlation studies 
have been conducted in order to associate the incidence of skin 
cancer with cumulative exposure to UV radiation [9].

The skin contains various chromophores and UV absorption 
can lead to a series of photochemical reactions, which in turn 
promote photo-induced inflammatory responses. Among skin 
chromophores are the nitrogenous bases, which absorb UVB, 
and amino acids, including tyrosine and tryptophan, which 
are the most common aromatic amino acids. These two amino 
acids also absorb UVB. Urocanic acid is the main chromophore 
in the stratum corneum, which absorbs UV with an absorption 
peak at 275 nm [9]. When a skin chromophore absorbs UV 
radiation, it can generate free radicals, which are chemically 
reactive species that have been related to the etiopathogenesis 
of many diseases [9].

The harmful effects of UV radiation on the skin are caused 
by direct cell damage and by alterations in immune function. 
UV radiation produces DNA damage (formation of cyclobutane 
pyrimidine dimers), gene mutation, immunosuppression, oxidative 
stress, and inflammatory responses, which have an important 
role in photoaging, and skin cancer [10]. Therefore, although 
the pathogenesis of cancer is multifunctional, UV radiation has 
been described as a major contributor and a potent carcinogen 
[11–13].

On this basis, the tumor suppressor gene p53 is of 
fundamental importance in carcinogenesis since it allows not 
only DNA repair, but also cell apoptosis when DNA damage is too 
large [14]. Cells containing mutant p53 can be found in skin with 
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chronic sun damage, as well as in actinic keratosis, basal cell 
carcinoma and squamous cell carcinoma [15]. This can correlate 
UV radiation to the production of mutations in the tumor 
suppressor gene p53, which can lead to skin cancer initiation [16]. 
Immunosuppression is also considered an important event in 
skin carcinogenesis [17]. UV exposure can impair the immune 
system by reducing antigen presentation, by inducing the 
production of immunosuppressive cytokines, and by modulating 
hypersensitivity reactions [18].

Nowadays, 65–90% of melanoma skin cancer cases are 
associated with exposure to UV radiation [19]. While UVA 
radiation has an important role in the carcinogenesis of skin stem 
cells [10], UVB can induce DNA damage, which can lead to an 
inflammatory response and tumorigenicity [16]. The development 
of basal cell carcinoma, squamous cell carcinoma and malignant 
melanoma is often associated with painful sunburn [20]. UV 
exposure is known to be the most important risk factor for the 
development of actinic keratosis, which can be a precursor of 
squamous cell carcinoma [20].

Intense intermittent exposures are related to an increased 
risk for the development of basal cell carcinoma and melanoma 
when compared to chronic mild exposure, even though the 
total dosage of UV radiation in both types of exposure is the 
same. Moreover, the risk of squamous cell carcinoma is closely 
associated with chronic UV exposure, but not with intermittent 
exposure [21]. 

3.2  UV-Filters and Photoprotection

The first commercial sunscreen, an emulsion containing benzyl 
salicylate and benzyl cinnamate, became available in the US in 
1928 [22]. In Germany, an ointment containing sulfonic acid 
benzimidazole was available in 1933 [23]. In France, a formulation 
containing benzyl salicylate was available in 1936 [24].

The number of patents increased: In 1943, p-aminobenzoic 
acid (PABA) was patented, but it was commercialized as a 
sunscreen much later [25]. In 1944, one of the substances 
known today as the first widely used UV-filter, the red veterinary 
petrolatum, was produced in the US [23] and was extensively 
used in World War II [26]. However, this red and sticky substance 
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had limited efficacy and had to be applied as a thick layer for 
the soldiers not to develop sunburn. Other substances were 
later patented: in 1948 PABA esters were patented [27], in 1962 
benzophenone, 3-benzyl-4-hydroxy-6-methoxy-benzenesulfonic acid, 
was introduced [28], in 1977 the first water-resistant sunscreen 
became available [29], and in 1979, UVA dibenzoylmethane- 
derived filters were introduced, followed by the micronized 
inorganic particles titanium dioxide and zinc oxide in 1989 [30].

Today, the European Commission considers that sunscreen 
products should be sufficiently effective against UVB and UVA 
radiation to ensure a high protection of public health. In order to 
achieve this protection, a sunscreen product should provide a 
minimum UVB and UVA protection. An increased sun protection 
factor (SPF) (i.e., mainly UVB protection) should include an 
increase in UVA protection as well, at least 1/3 of increase in 
UVB protection, with preferentially a critical wavelength of at 
least 370 nm, to ensure broad protection [31].

UV-filters can be divided into inorganic (or physical) filters, 
which reflect or scatter UV light, and organic (or chemical) UV- 
filters, which absorb radiation [32]. They can be divided into 
different classes according to their chemical structures and 
among these are aminobenzoates, salicylates, cinnamates, 
benzophenones, camphor derivatives, triazine derivatives, 
benzotriazoles, cyanoacrylates, and dibenzoylmethanes. 

On the other hand, the main representatives of physical filters 
are titanium dioxide (TiO2) and zinc oxide (ZnO).

3.3  Chemical UV-Filters (Organic UV-Filters)

The aminobenzoates (PABA derivatives) are among the first 
UV-filter molecules used. This molecule has an electron-releasing 
group (NR2) that is substituted para to an electron-accepting 
group (COOR), which permits efficient electron delocalization 
[33]. Many studies have demonstrated the photoallergic potential 
of PABA in guinea pigs [34] and in humans [35] due to its 
photoactivation [36] and photodegradation [37]. For this reason, 
the use of PABA sunscreens was discontinued and the “PABA- 
free” claim is still used today.

Salicylates are ortho-disubstituted molecules with a spatial 
arrangement that permits internal hydrogen bonding within 
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the molecule itself [33]. The main representatives of this class 
are ethyl-hexyl salicylate and homosalate, which are considered 
weak, but photostable UV absorbers. Ethyl-hexyl salicylate is also 
used as a solvent for other UV-filters, especially for avobenzone 
and these UV-filters rarely appear alone in a formulation [35].

Salicylates are generally well tolerated by the skin, and 
sensitization reactions, photocontact and skin irritation induced 
by these compounds are rare [38]. Studies have shown that only 
1% of ethyl-hexyl salicylate can penetrate the human skin after 
application [39, 40]. There are indications of an estrogen-like 
effect in vitro, but not in vivo [41]. Thus, salicylates have a 
favorable toxicological profile for use in sunscreens [35].

Cinnamates are aromatic compounds disubstituted with both 
an electron-releasing group (OCH3) and an electron-accepting 
group (ester group further conjugated with a double bond). This 
allows the extended delocalization of electrons enabling these 
molecules to absorb at 310 nm [33]. The cinnamates are subject 
to photo cis-trans isomerization (cis-Z isomer, trans-E isomer). 
While the E isomer is predominant and has a lmáx = 310 nm, with 
a molar absorption coefficient (e) of 19,500 dm3mol–1cm–1, the 
cis isomer, which is formed under sunlight exposure, has a lmáx 
of 312 nm with a lower e, 10,000 dm3mol–1cm–1. Thus, sunlight 
exposure results in an equilibrated proportion of E and Z 
isomers and a consequent decreased absorption of UV light [33].

Octyl methoxycinnamate is the most widely used UV-filter 
[35]. The topical application of octyl methoxycinnamate is well 
tolerated [35] and the incidence of photodermatitis related 
to this substance is very low [42]. In vitro skin permeation 
studies have shown that only 0.2–0.3% of the applied UV-
filter penetrates the viable epidermis and these values can be 
overestimated when compared to human studies [39, 43, 44]. 
Although some studies have reported an in vivo estrogen-like 
effect of octyl methoxycinnamate [45], this effect was not observed 
in humans [43].

Unlike most other UV-filters that possess an ester or amide 
linkage, benzophenones are aromatic ketones. They present 
an electron-releasing group in either ortho or para position or 
both, which results in two lmax at 286 nm (UVB) and 324 (UVA). 
Benzophenone-3 has been described as the UV-filter responsible 
for most cases of photodermatitis [46] and can be systemically 
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absorbed [47]. Some studies have also reported estrogen-like 
[48] and antiandrogenic effects of benzophenone-3 [49]. 
However, these results were based on in vitro studies and market 
experience with benzophenones has been favorable to its use in 
sunscreens [35].

Camphor derivatives protect against UVB radiation in the 
290–300 nm region. As reported for cinnamates, they can reach 
equilibrium of isomer formation after sunlight exposure and also 
exhibit good photostability [50].

Avobenzone is the main representative of the 
dibenzoylmethanes due to its UVA absorption, with a lmax at 
357 nm [51]. Although avobenzone has an appropriate UVA 
absorption spectrum and consequently is found in several 
photoprotective cosmetic formulations, this molecule may present 
photoreactivity when exposed to UV [52–55]. This photoreactivity 
occurs due to the fact that avobenzone undergoes keto-enol 
tautomerization (AVOK–AVOE). In a sunscreen formulation, 
avobenzone exists predominantly in the enol form, which absorbs 
in the UVA range. The relative amounts of the two isomers are 
solvent dependent but the equilibrium always lies in the direction 
of the enol tautomer, which will consequently impart high 
sunscreen efficiency. However, under UV radiation, the keto-enol 
equilibrium is shifted toward the keto form of avobenzone, which 
absorbs in the UVC range from 260 to 280 nm and can lead to 
the majority of the harmful effects of avobenzone, such as its 
irreversible photodegradation and ROS formation [51, 56].

Among the high molecular weight UV-filter molecules 
(over 500 Daltons) are bemotrizinol (MW = 629 Dalton) and 
ethylhexyl triazone (MW = 823 Dalton). Their high molecular 
weight reduces their skin penetration [33] and they are also used 
to stabilize or even replace avobenzone due to their high 
photostability [53, 55].

The benzotriazole derivatives are good UVB and UVA 
absorbers, with a lmax at 305 nm. They are heterocyclic compounds 
containing nitrogen atoms. One representative of this class is 
benzotriazolyl dodecyl p-cresol.

Octocrylene is the main representative of the cyanoacrylate 
class. Until recently, there was no evidence of contact allergy to 
octocrylene; however, new studies have shown its photoallergenic 
potential, leading to contact dermatitis [57]. 

Chemical UV-Filters
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3.3.1  Nanocarrier-Based Chemical UV-Filters

In order to improve the performance and decrease the side-
effects of UV-filters, some research groups have been focusing 
on the encapsulation of these [58, 59]. Luppi et al. [58] described 
nanoparticles of benzophenone-3 encapsulated in modified 
poly(vinyl alcohol) (PVA) with fatty acids (FAs), which prevented 
the movement of benzophenone-3 into the skin, limiting its 
percutaneous absorption. 

Substituted PVA, at two different degrees of substitution 
(40% and 80%), with saturated fatty acids (myristic, palmitic, 
stearic, and behenic), can be employed for the preparation of 
nanomatrices for sunscreen delivery. These systems can prevent 
the movement of benzophenone-3 towards the skin, thereby 
limiting its percutaneous absorption.

Other studies have shown that chemical UV-filters encapsulated 
with nanoparticles can have a synergistic effect in terms of 
UV protection efficacy [60, 61], reduction of photodegradation 
[62, 63], improvement of photostability in vitro [64], and 
increased SPF in vitro [59].

3.4  Physical UV-Filters (Inorganic UV-Filters)

While there are more chemical than physical UV-filters on the 
market, the use of inorganic UV-filters, i.e., TiO2 and ZnO, has 
many advantages when compared to the chemical UV-filters, 
such as enhancement of the protection level in the longer UVA 
range (>370 nm) [65], photostability of the molecules, and a 
low photoallergic potential [66]. However, among the main 
disadvantages of this class are the few available molecules, 
the opaque and white appearance of the skin and the poor 
dispersibility in the formulation [66].

Among the main forms of TiO2, the rutile crystal form has a 
high refractive index, can absorb UV radiation and is used in 
most cases. The anatase form of TiO2 has properties similar to 
those of the rutile form, but has lower UV radiation absorption 
and a higher tendency to photocatalysis.
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3.4.1  Nanocarrier-Based Physical UV-Filters

In order to improve the appearance and effectiveness of physical 
UV-filters, many efforts have been devoted to decreasing the size 
of these molecules to the nanoscale since this can lead to changes 
in physical and chemical properties. Many authors have also been 
concerned about the biological properties of these UV-filters 
at the nanoscale. The TiO2 nanoparticle, for example, presents a 
high surface-area to mass ratio [67] and a high redox potential, 
which can change the biological behavior of this UV-filter.

UV-filter nanoparticles are used in formulations to improve 
the efficacy [68] and the performance of the product since 
they promote a more efficient UV protection [69] in sunscreens. 
At the nanoscale (60–120 nm), TiO2 reflects and scatters UV 
light in the most efficient manner [70]. Nanotechnology has 
improved inorganic UV-filters and consequently enhanced their 
acceptance and use in sunscreens [69]. However, particle size is 
related to its photoprotective effects. As described by Forestier 
[65], small TiO2 particles are more efficient at scattering shorter 
light wavelengths, i.e., the absorption is dislocated from UVA 
to UVB absorption, which sometimes is not desired. Egerton 
and Tooley [71] also showed that titanium dioxide 145 nm 
particles are more effective in the UVA region than 35 and 50 nm 
particles.

ZnO is another commonly used UV-filter nanoparticle, which 
exists as aggregates of primary particles ranging from 30 to 
150 nm in size. These molecules started to be used because their 
nanoparticles can protect against UV radiation more efficiently 
than their corresponding micron-sized particles [69].

In order to improve the dispersion of physical UV-filters 
in sunscreen formulations, inert materials such as aluminum 
oxide or silicon oils are frequently used to coat the particles. 
These substances can change the behavior of the nanoparticles, 
such as solubility, biological reactivity, penetration and distribution 
[72].

There is an effort to cover nanoparticle UV-filters with 
substances that decrease skin penetration in order to avoid the 
biological effects of nanoparticle UV-filters. In addition, considering 
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the photocatalytic effect, TiO2 is coated with aluminum oxide or 
silica in order to prevent oxygen radical formation when used 
in sunscreens [73].

3.4.2  Side Effects of Carrier- and Non-Carrier-Based 
Physical UV-Filters

Many authors have reviewed the side effects of physical UV-
filters, especially TiO2, concerning their pulmonary effects, such 
as inflammation, pulmonary damage, fibrosis and carcinogenicity 
[74]. However, these effects are related to systemic toxicity and 
to respiratory exposure, while topical exposure is normally 
considered safe for the consumer.

Some authors have also described toxicity of nanoparticled 
physical UV-filters: some TiO2 nanoparticles have shown DNA 
damage potential [75] and should be considered genotoxic or 
photogenotoxic [76–78].

The side effects of UV-filters are dependent on their 
penetration into the skin. For nanoparticles, their penetration 
depends on characteristics such as their size and coating. The 
coating of nanoparticles can change their solubility, as well as 
their penetration into the skin and consequently their safety 
[69, 72, 79], and should be studied case by case.

Regarding nanoparticle size, it was found that TiO2 
nanoparticles with a diameter of more than 20 nm can be 
considered safe since they do not reach viable cells in the 
epidermis. In addition, the toxicological profile of TiO2 did not 
raise any safety concerns regarding its application (SCCNFP/ 
0005/98) [80] to non-flexed (not occluded) and unburned human 
skin. Consequently, the exclusion of particles of less than 20 nm 
in the production process would improve product safety for this 
particular compound.

Some authors have shown that UV-filter nanoparticles do 
not penetrate living cells and in vitro and in vivo (animals and 
humans) assays have revealed that penetration of nanoparticled 
UV-filters is limited only to the stratum corneum [81–90]. 
Monteiro-Riviere et al. [91] observed that despite the slightly 
enhanced penetration of TiO2 or ZnO nanoparticles in UVB sunburnt 
skin, there was no evidence of systemic absorption of these 
nanoparticles.
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The German NANODERM project [92] is an extensive 
investigation of dermal penetration of TiO2 nanoparticles. In 2007, 
the authors published a final report containing tests performed 
on many skin sources such as porcine and healthy human skin 
from biopsies and explants, human foreskin transplanted to 
SCID-mice and psoriatic skin. They used different formulations 
with nanoparticled TiO2, including commercial sunscreens. In all 
but a few cases, Ti was detected on top of the stratum corneum 
(topmost 3–5 corneocyte layers); the Ti-spots detected in viable 
epidermis were identified as preparation artifacts. They also 
found that frequently the nanoparticles were aggregated and no 
diffusive transport was observed. Despite the deep penetration 
into hair follicles, the nanoparticles were not found inside vital 
tissue. They also supposed that desquamation could explain the 
clearance of nanoparticles found in the stratum corneum and 
that the sebum excretion would explain the clearance pathway 
for nanoparticles in hair follicles.

In July 2013, the Scientific Committee on Consumer Safety 
(SCCS) [79] delivered an opinion on TiO2 nanoparticles. They 
concluded that TiO2 nanoparticles in sunscreens applied to 
healthy skin, intact or sunburnt, is unlikely to lead to systemic 
exposure, acute toxicity via dermal application, skin and eye 
irritation, skin sensitization or reproductive effects. They also 
pointed out that the potential genotoxicity of TiO2 nanomaterials 
is not conclusive. Thus, they concluded that the use of TiO2 
nanoparticles at a concentration up to 25% in topically applied 
cosmetic products, for example sunscreens, should not pose 
any significant risk to the consumer. However, they did not 
recommend the use of TiO2 nanoparticles in spray products, such as 
sprayable sunscreens, since that might lead to exposure of the 
consumer’s lungs to TiO2 nanoparticles by inhalation.

Regarding ZnO nanoparticles, the SCCS of the European 
Commission issued an opinion in 2012 [93] considering many 
toxicological aspects of ZnO. They concluded that in in vivo 
(human volunteers) and in vitro (human, porcine and nude 
mouse skin) tests, there was no evidence that ZnO nanoparticles 
can penetrate the intact or compromised skin and there is only 
minimal absorption of ZnO nanoparticles by sunscreen 
application. They did not observe differences between coated/
uncoated nano ZnO, or between normal/damaged skin. They 
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assumed that penetration into the skin, if any, is caused by 
Zn ions released from ZnO nanoparticles. Since nano ZnO- 
containing cosmetic formulations are likely to contain a small 
proportion of solubilized zinc, the amount of absorbed zinc 
could be considered insignificantly small compared to the large 
zinc pool already present in the body.

3.5  Assessment of Sunscreen Performance

3.5.1  Efficacy of Carrier- and Non-Carrier-Based 
UV-Filters

Due to the understanding of the potentially unfavorable long- 
term side effects of solar irradiation acquired during the last 
two decades, there is a universal call for harmless and effective 
sunscreens. During the First World War, Hausser and Vale, in 
Germany, conducted the first study of the detailed action spectrum 
of erythema and pigmentation of human skin. They showed that 
these effects depend on UV radiation, mainly due to shorter 
wavelengths (<320 nm). In 1922, they published the erythema 
and pigmentation action spectrum for human skin using a 
monochromator and an artificial mercury lamp [23].

In Copenhagen, during the Second International Congress 
on Light in 1932, Coblentz proposed the division of UV into 
three regions: UVA (315–400 nm), UVB (280–315 nm), and UVC 
(<280 nm) [23]. Later, in Germany, in 1956, Schulze proposed a 
test to be used for commercially available UV-filters, adding a 
protective factor to them [23]. The protective factor was obtained 
by dividing the exposure time required to induce erythema in 
sunscreen-protected skin by the time required to induce erythema 
in unprotected skin. This was done by applying a series of 
increasing doses of UV (40% increase) to both protected and 
unprotected skin. In 1974, Greiter, in Austria, improved and 
popularized the concept of SPF [23].

In 1978, the US Food and Drug Administration (FDA) 
published guidelines for formulating and evaluating sunscreens 
in the Federal Register [23]. This method has been accepted 
internationally. At that time, filters were used not only to prevent 
sunburn but also to prolong the exposure time for tanning. In this 
context, researchers have become concerned that sunscreens 
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could create a false sense of security and cause people to sustain 
damage to their skin [23].

In 1994, Cosmetics Europe (former European Cosmetic, 
Toiletry and Perfumery Association—Colipa), introduced new 
techniques to characterize and specify the emission spectrum of 
the UV source and designated skin types based on skin color. 
In 2000, COLIPA, together with Japanese and South African 
authorities, discussed the harmonization of the SPF evaluation 
method. A joint agreement about the international test method 
SPF was reached in October 2002 and updated in 2006 by the 
European, Japanese, American and South African industries [94]. 
In December 2010, the European Standardisation Organisation 
(CEN) published the Standard EN ISO 24444:2010 Cosmetics—
Sun protection test methods—In vivo determination of the SPF. 
This standard test method replaces the earlier reference method 
(International Sun Protection Factor Test Method (2006) and is 
considered as the reference method within the EU to determine 
the Sun Protection Factor (SPF) [95].

In 2007, the FDA published the Final Proposed Rules on 
sunscreens [96], and one of the proposed changes was changing 
the acronym “SPF” from “sun protection factor” to “sunburn 
protection factor,” which avoids a false sense of security; an 
increase of SPF from SPF30+ to SPF50+ was also proposed. In 
addition, for the first time, the FDA also proposed evaluation and 
labeling of UVA protection of sunscreens, using a combination 
of in vitro tests (spectrophotometric) and in vivo persistent 
pigment darkening (PPD).

In 2011, the FDA announced new requirements for 
sunscreens currently sold over-the-counter as follows: sunscreens 
approved by FDA’s broad spectrum test procedure may be 
labeled as “Broad Spectrum SPF [value]” on the front label; the 
claim “reduce the risk of skin cancer and early skin aging” can only 
be used for broad spectrum sunscreens with an SPF higher 
than 15; the claims “waterproof,” “sweatproof” and the term 
“sunblock” cannot be used; the “water resistance” claim must 
indicate if the product remains effective while swimming or 
sweating, for 40 or 80 min.

Today, these concepts designed by various regulatory agencies 
are well known. The SPF determined in vivo is known as a 
universal indicator of the effectiveness of sunscreens against 
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sunburn, defined as the “UV energy required to produce an 
MED on protected skin divided by the UV energy required to 
produce an MED on unprotected skin.” Minimum erythemal dose 
(MED) is “The quantity of erythema-effective energy required 
to produce the first perceptible, redness reaction with clearly 
defined borders.” 

Since the SPF only addresses erythema, which is caused by 
UVB radiation, and is not able to predict UVA protection, a similar 
assay performed with UVA radiation was created to evaluate 
tanning. Nowadays the in vivo test most widely used and 
recommended by regulatory agencies is called Persistent Pigment 
Darkening (PPD), which measures the pigmentation of volunteers’ 
skin 2 h after UVA irradiation. The minimal pigmenting dose 
(MPD), which is similar to MED, is the quantity of erythema- 
effective energy required to produce the first perceptible pigment 
darkening. However, this test may have some problems related 
to prolonged irradiance times and exposure to high doses of 
UVA radiation [23].

Although the in vitro SPF determination is still not 
satisfactory, the in vitro determination of the various UVA indices 
is now considered a valuable method. The UVA/UVB ratio and 
the critical wavelength [97], which are relative measurements of 
the absorption spectrum of the sunscreen, can be determined. 
Regarding the critical wavelength, the sunscreens are grouped 
into five categories, with the category of higher UVA being 
achieved with a critical wavelength exceeding 370 nm [97]. 
The UVA/UVB ratio is widely used for the measurement of 
photostability since it is a simple, fast, reproducible and 
inexpensive index [39, 53, 94]. For sunscreen registration, the 
accepted methods are SPF evaluation and PPD in humans [31].

In silico SPF calculation, i.e., BASF Sunscreen Simulator [98], 
is also a useful tool for the development of sunscreen products 
since it provides the estimation of the SPF as well as various 
common UVA-Metrics. This tool helps the formulator to plan the 
composition of active ingredients in a sunscreen formulation, 
but it does not replace the actual formulation work and in vivo 
SPF testing of the final product.

Scientific findings have shown that some biological damage 
to the skin can be prevented and/or reduced if the ratio of 
the protective factor, as measured in the PPD test, is at least 1/3 
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of the factor measured under the sun protection factor testing 
method. Thus, the European Commission recommended a UVA/UVB 
ratio of 1/3 [31].

	The International Standardization Organization (ISO) is 
also dedicated to the determination of relevant UVA protection 
parameters [99]. They consider the in vivo UVA-PF method to be 
the second method to become official since there is a consensus 
about the PPD method [100].

3.5.1.1  Efficacy-characterization of carrier-based UV-filters

The characterization of nanostructures can provide evidence for 
the correct formation of the desired shapes and also contributes 
to a better understanding of their formation and functionality 
[101]. The characterization includes particle size, shape, and 
particle surface charge determinations [102] and is important 
to guarantee the performance of the nanoparticles [103].

Among the available techniques, there are dynamic light 
scattering (DLS) measurements, soft X-ray tomography, cryogenic 
light microscopy, transmission electron microscopy (TEM), and 
scanning electron microscopy (SEM) [104]. As described by Silva 
et al. [104], each method has some limitations, and may lead 
to errors of characterization. Therefore, the formulator must 
combine several techniques in order to better characterize 
nanostructures.

3.5.2  Safety of Carrier- and Non-Carrier-Based UV-Filters

According to the SCCS, the safety evaluation of the finished 
product is the responsibility of the “responsible person” through 
the safety assessor of a company and SCCS only evaluates 
ingredients based on the dossier sent by the cosmetic company.

In general, tests addressing acute toxicity (if available), 
irritation and corrosivity (skin and eye), skin sensitization, 
dermal/percutaneous absorption, repeated dose toxicity, and 
mutagenicity/genotoxicity of cosmetic ingredients are considered 
to be the minimal base set requirements for safety evaluation. 
However, photo-induced toxicity data are required when the 
substance present in a cosmetic product is expected or intended 
to be used on sunlight-exposed skin, i.e., in sunscreens.

Assessment of Sunscreen Performance
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 Although it is inconceivable that tests in human volunteers 
would replace animal tests, it is known that tests in animals 
and alternative methods are of limited predictive value with 
respect to the human situation. Therefore, a skin compatibility 
test with human volunteers, confirming that there are no harmful 
effects when applying a cosmetic product for the first time to 
human skin or mucous membranes, may be needed scientifically 
and ethically. Consequently, before finished cosmetic products 
are tested in humans, the toxicological profiles of the substances 
must be provided. For safety assessment, cosmetic products 
usually are tested in small populations to confirm their skin and 
mucous membrane compatibility, as well as their cosmetic 
acceptability (= fulfilment of in-use expectations). The general 
ethical and practical aspects related to human volunteer 
compatibility studies on finished cosmetic products are described 
in SCCNFP/0068/98 [105] and SCCNFP/0245/99 [106]. 

For many years, animal testing was the only tool able to 
assess the safety of raw materials and finished cosmetic products 
before human use. However, many efforts have been made to 
develop alternative methods to animal use as a safe way to 
evaluate cosmetics.

The European Community, since the publication of the 3Rs 
concept (reduction, refinement, replacement) by Russell and 
Burch in 1959, has been gradually inserting alternative methods 
to animal experimentation for safety assessment of cosmetic 
products. According to the seventh amendment of the European 
Directive published in February 2003, deadlines were established 
for banning animal testing for cosmetic and/or finished product 
(testing ban) ingredients, as well as banning the marketing 
of products in the European Community (or its ingredients) 
tested on animals (marketing ban). Therefore, some tests on 
animals can no longer be performed in Europe since 2004.

According to the seventh amendment, a full ban of animal 
use for cosmetic testing was established in March 2013 by the 
European Union, despite the fact that there was no alternative 
test completely validated for many safety purposes such as skin 
sensitization. Therefore, there is a need to develop methods able 
to assess the safety parameters of cosmetic products, especially 
products as new and unknown as nanoparticles. 
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One of the most common tests used to assess the phototoxic 
potential of UV-filters is the 3T3 NRU PT (3T3 Neutral Red 
Uptake Phototoxicity Test). Since 2000, animal tests for the 
assessment of phototoxic potential are no longer allowed in 
the European Union since the acute phototoxic potential is 
considered to be better evaluated by in vitro methods, such as 
the 3T3 NRU PT. The 3T3 NRU PT is a phototoxicity test based on 
neutral red uptake by 3T3 murine fibroblasts. It is considered 
to be the main test for this assessment since it presents high 
sensitivity and specificity and has also been validated [107]. 
In this test, Balb/c 3T3 cells cultured on two 96-well microplates 
are pre-incubated with eight different concentrations of the 
chemical. One plate is then exposed to UVA radiation and the 
other is kept in the dark for the determination of cell viability in 
the presence and absence of radiation for later determination of 
the cyto- and phototoxicity of the chemical [107].

Among the tests used to assess the safety of nanomaterials, 
there is no well-defined procedure to estimate their potential 
toxicity [108] and there is no sufficient information on the 
safety of nanomaterials, such as toxicity information and 
physicochemical properties. Thus, many tests have been developed 
or adapted to cover this new class of materials. Among the 
alternative methods used to assess the toxicological parameters 
of nanoparticles, cell culture is one of the most important for 
both carrier- and non-carrier-based cosmetic products. 

Besides the 3T3 NRU phototoxicity test, the tests that 
assess cytotoxicity are also important, especially to predict the 
toxicological parameters of nanomaterials. One of the most used 
tests is the MTT assay, which is based on the conversion of MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 
to formazan crystals by living cells [109] by mitochondrial 
activity, which is related to cell viability.

Many nanoparticles can interact with dyes, leading to loss 
of accuracy and precision [110–112]. Some studies have shown 
that single-walled carbon nanotubes could interact with some 
dyes such as MTT [113, 114]. Other interferences can occur; 
some nanoparticles can absorb proteins on their surface, which 
can affect cytokine release quantification [115], and nanoparticles 
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can agglomerate in culture medium, which can change the 
stability of nanoparticle dispersion. Thus it is important to ensure 
the stability of nanoparticle dispersion in the test medium, 
i.e., DMEM or PBS, and to determine that there is no interaction 
with the vital dye. 

Many studies have focused on the development of more 
realistic models to determine the toxic effects of NPs [116, 117, 
112]. Thus, the formulator must: (a) perform a more adequate 
test for the specific nanoparticle and (b) perform more than one 
test in order to compare results, cover many aspects, obtain 
accuracy, and minimize test limitations.

Among the advanced technologies, the use of reconstructed 
skin models represents an interesting alternative to the use 
of experimental animals for the evaluation of a wide variety 
of toxicological studies involving corrosiveness, cytotoxicity, 
phototoxicity, irritation, melanogenesis, skin penetration, 
skin sensitization, drug metabolism, and mechanism of action 
[118–121]. The development of reconstructed skin models was 
initiated by Rheinwald and Green [122] and has been 
progressively refined [123, 124] and processed in order to 
be commercially available [125].

Nanoparticle characterization does not only provides 
evidence for the correct formation of human-designed structures, 
but can also contribute to a better understanding of their 
structure and functional capabilities.

3.5.3  Stability and Photostability of Carrier- and 
Non-Carrier-Based UV-Filters

The stability and photostability of sunscreens are deeply related 
to their safety and efficacy. For example, a photo-unstable 
sunscreen can impair the SPF, i.e., lose efficacy, which can lead to 
consumer-unprotected skin. In addition, an unstable formulation 
can generate some unexpected reaction products, such as 
degradation products, which can compromise the safety for the 
consumer.

Thus, the assessment of photostability is necessary for the 
development of a new sunscreen and for the determination 
of its stability. It can also be used as a tool for quality 
control of such formulations, since the produced degradation 
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products may lead to toxic or allergic effects on the skin [126]. 
On the other hand, the stability of nanocarrier-based UV-filters 
should be assessed in order to guarantee that the nanoparticles 
will remain in the formulation until the stated expiration date 
and will be able to protect the skin against UV radiation.

Stability studies are needed to check if there is any unstable 
UV-filter that needs to be stabilized, as well as to predict the 
effects of the environment on chemical stability, shelf life and 
the appropriate storage conditions. Moreover, these tests add to 
the process the choice of the components and the type of 
formulation [127–130] in order to guarantee a safe sunscreen 
formulation for use. 

The reactions that occur with UV-filters may lead to the 
loss of sunscreen effectiveness and to the undesirable formation 
of toxic or allergenic products. In this respect, formulators 
attempt to develop photostable associations of UV-filters, 
photoprotective formulations that remain stable after exposure 
to UV radiation.

Thus, many studies of photostability have been conducted, 
generally using in chemico techniques such as spectrophotometry 
[50, 131–133], or separation techniques such as high-performance 
liquid chromatography (HPLC) [50, 53–55, 132, 133] and gas 
chromatography [134]. 

The different techniques should be performed in parallel 
because, while spectrophotometric analysis may be affected by 
optical artifacts, such as photoproducts that also absorb 
UV radiation, the separation techniques do not allow the 
quantification of the photo-induced effects or changes, or of their 
effects on photoprotection [135].

3.6  Conclusions

It is well accepted that the use of adequate broad spectrum 
UV-filters prevents photoaging and skin cancer. In addition to 
new high molecular weight UV-filter organic molecules, inorganic 
nanoparticles are improving sunscreen efficacy by allowing 
broader UVA protection, which is not achieved by employing 
only combinations of usual organic UVB-filters. Thus, the use of 
inorganic UV-filters is important to satisfy the European 
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Commission’s recommendations regarding UVA/UVB protection 
rates (UVA-PF should be at least 1/3 of the SPF).

In recent years, an improvement of safety assessment and 
quality of analytical techniques has been observed worldwide 
and, currently it is well accepted that nanomaterials are similar 
to normal chemicals/substances in that some may be toxic 
and some may not. Consequently, the safety of nanoparticles, 
including TiO2 and ZnO, should be analyzed case by case due 
to different coatings.

The European Union Scientific Committee on Emerging 
and Newly Identified Health Risks concluded that the topical 
use of TiO2 and ZnO in cosmetic products does not pose a risk 
to humans. However, the inhalation of these nanoparticles 
must be avoided once they may lead to lung and systemic exposure.

Finally, despite recent advances in safety and analytical 
techniques, they still must be improved and adapted for the 
detection, characterization, and analysis of nanoparticles in order 
to be standardized and validated for assessing hazards and 
exposure risks of any nanomaterial that is in contact with human 
beings.
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4.1  Introduction

Photodynamic therapy (PDT) with systemic application is effective 
for superficial cutaneous tumors treatment; however, this comes 
with the risk of prolonged skin phototoxicity. PDT based on 
topical application has shown promising results in the treatment 
of superficial skin disorders avoiding the prolonged phototoxicity. 
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This non-invasive technique has specificity for the target tissue 
and allows the treatment of multiples lesions simultaneously 
due to its low toxicity and good cosmetic results. The reactive 
end products of topical PDT result in rapid cell cytotoxicity, in 
particular to the mitochondria, which can lead to apoptosis and/
or necrosis of diseased cells. For this purpose, the photosensitizer 
must to be delivered into skin deep layers to achieve promising 
results. This chapter will provide an overview of our experience 
with PDT covering the fundamental aspects, nanocarrier products, 
physical methods for enhanced penetration, potentials and 
limitations of using topical PDT in dermatology. Furthermore, 
we aim to provide an overview of the studies published to date 
based on oncological and non-oncological dermatology clinical 
trials and preclinical orientations.

4.2  Photodynamic Therapy and Mechanism of 
Photosensitization

Photodynamic therapy is able to cause cell death by both necrosis 
and apoptosis, and due to the ease of access to the skin, it can 
be easily performed in the treatment of cutaneous diseases. 
Three components are essential for the efficacy of PDT: a 
photosensitizing agent, a specific light wavelength, and molecular 
oxygen [1]. PDT was approved by the FDA for use in dermatologic 
conditions such as actinic keratosis and non-melanoma skin 
cancers but off-label uses continue to increase [2]. In recent 
years, the dermatological photodynamic therapy expanded the 
spectrum of application to other cutaneous diseases, including 
inflammatory processes, infectious diseases and skin diseases 
that are resistant to multiple treatments [3]. The mechanism of 
photosensitization (Fig. 4.1) involves the effective interaction of 
both photosensitizer and appropriated light wavelengths, which 
turns the photosensitizer active from a ground state to an excited 
state causing the generation of free radicals and radical ions 
(type I) as well as reactive oxygen species (Type II) which are 
singlet and triplet oxygen, both of them leading to oxidative 
damage and cell death [4]. It is not an easy task distinguishing 
from type I and II reaction in biological systems. However, it is 
generally accepted that generation of singlet oxygen species 
(type II reaction) predominates during PDT. Both type I and II 
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reaction of photosensitization have been exhaustively reviewed 
by several researchers [5–9]. Basically, a successful PDT 
treatment is related to the ability of the photosensitizer to damage 
cells followed by apoptosis or necrosis effect. Moreover, it was 
demonstrated that the cell death pathway is dependent on several 
factors including cell type, photosensitizer dose administered, 
incubation time of photosensitizer in target tissue and PDT light 
dose. Most photosensitizers target mitochondria more efficiently 
than other cell components and because of this, there is a 
consensus that the first damage of PDT occurs based on 
mitochondrial cell death, with signaling pathways leading to 
apoptosis. The apoptosis induced by PDT was tested using cancer 
cell lines by Miller and colleagues (2007). Different cell lines 
were exposed to doses of photosensitizer and the phototoxicity 

Ground state of photosensitizer

Excited state of photosensitizer

Type l reaction
(Free radicals)

Type II reaction
(Singlet oxygen)

Products of oxidation 
and damage cell 

(apoptosis and/or 
necrosis)

Light

Figure 4.1	 Mechanism of action of photodynamic therapy. Photosensitizer 
excitation begins in the ground state, following the 
absorption of light, which turns to an excited state and its 
returns to a ground state, when it can directly react with 
the substrate by proton or electron transfer occurring 
the generation of free radicals and radical ions (type I 
reaction). Alternatively, it can react with molecular oxygen 
to produce singlet oxygen (type II reaction). Both types 
of reactions are able to release oxidation products and 
damage cells by apoptosis and necrosis.

Photodynamic Therapy and Mechanism of Photosensitization
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mechanism was measured after transfection of apoptosis inhibitor 
(Bcl-2). The loss of mitochondrial membrane was an early step 
found, allowing the release of cytochrome c and other pro-apoptotic 
factors [10]. In a previous report, Luo and Kessel (1997) showed 
that organelles such as the mitochondria and lysosomes were 
mainly affected using lower PDT doses resulting in the induction 
of apoptosis as opposed to necrosis while at higher PDT doses 
severe membrane damage resulting in necrosis was observed [11].

4.3  Most Commonly Used Photosensitizers 
for Dermatological Diseases

The photosensitizers (PSs) used in PDT are chemical compounds 
with a chromophore agent administrated to treat skin diseases 
by several routes (e.g., topical, oral, and intravenous). After PS 
accumulation in the target skin lesion, it is exposed to light of 
specific wavelengths and befalls the PS activation with generation 
of reactive oxygen species. Prerequisites for an ideal PS 
include chemical purity, chemical and physical stability, rapid 
accumulation in tumor tissue, activation at therapeutic wavelengths 
with optimal tissue penetration, and rapid clearance from the 
body [9]. The most extensively investigated PSs in dermatological 
PDT studies are both pro-drugs that require conversion to 
porphyrin such as aminolevulinic acid (ALA), methyl aminolevulinic 
acid (MAL), besides phthalocyanine class and chorine derivatives. 
Other PSs, which have been studied less extensively, include 
texaphyrins, hypericin, methylene blue, Nile blue, porphycenes, 
and indole-3-acetic acid among others. However, they will not 
be included in this review chapter [9, 12–14].

4.3.1  Topical Photodynamic Therapy with 
Aminolevulinic Acid and Methyl Aminolevulinic

ALA and MAL are considered endogenous amino acid 
photosensitizers because in target cells they are metabolized 
into protoporphyrin IX, a photosensitizing porphyrin generated 
in mitochondria. Since ALA has hydrophilic nature and its use 
is restricted to superficial skin disease, the ester of ALA (MAL) 
enhances lipophilicity and thus can be expected to penetrate 
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deeper into the skin. Most cells in the human body can metabolize 
ALA or MAL into protoporphyrin IX while neoplastic tissue 
can produce excess of protoporphyrin IX as compared to the 
surrounding normal tissue. As described by Peng and colleagues 
(2001), porphyrins accumulate mostly in sebaceous glands and 
epidermis, whereas they accumulate preferentially in dysplastic 
cells and hyperproliferative tissue after application of MAL [15]. 
In addition, the normal epidermis showed decreased PSs 
accumulation than surrounding skin lesions reducing PDT photo 
toxicity to local healthy tissue confirming the PS high selectivity 
for the tumor.

Both ALA and MAL can be activated with 635 nm light. 
The effectiveness of ALA and MAL in topical PDT has so far been 
proven in several studies [16–20] and very similar results were 
observed in comparative studies [21–22]. However, ALA-PDT 
resulted in more prolonged and severe adverse effects after 
treatment using blue light source while MAL-PDT followed by 
red light is present in most of the clinical trial protocols [23–25]. 
These findings suggest that the appropriated light source can 
improve the efficacy and safety of dermatological PDT. Usually 
photosensitizers absorbing in the far red or near infrared regions 
have been used for the treatment of deep skin pathologies 
because the light can penetrate deeply into the skin. On the other 
hand, photosensitizers absorbing in the blue region may be 
suitable for the treatment of superficial skin malignances once 
the light reaches only the stratum corneum [26]. A series of 
commercial products containing ALA or MAL are available in 
United States, Brazil, and Europe.

Levulan® is a commercial topical solution containing 20% 
of ALA and recommended to be administrated following a blue 
light illumination. Since 1999 it is approved by the FDA for the 
treatment of minimally to moderately thick actinic keratosis of 
the face or scalp [27]; however, it is commercialized only in the 
United States. The most common side effects described by the 
manufacturer include scaling/crusting, hypo/hyper-pigmentation, 
itching, stinging, and/or burning, erythema and edema. Severe 
stinging and/or burning at one or more lesions being treated 
was reported by at least 50% of patients at some time during 
the treatment (http://www.dusapharma.com/levulan-product-
information.html).

Most Commonly Used Photosensitizers for Dermatological Diseases
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Metvix® is a cream containing 16% of MAL (160 mg/g), 
which was approved by the FDA in 2004, thus some years after 
Levulan®, for the same use but it is commercialized in United 
States, Brazil, and Europe. Metvix® cream layer should be applied 
about 1 mm thick on the lesion and 10 mm to surrounding 
normal skin using a spatula followed by an occlusive dressing for 
3 h. After this, the area needs to be cleaned using saline solution 
and immediately exposed to red light. Multiple lesions may be 
treated during the same treatment session. The usual side effects 
of Metvix® include painful and burning skin sensation typically 
beginning during illumination or soon after and lasting for a few 
hours (http://www.metvix.com/home/about-metvix/overview).

Ameluz® is an innovative topical nanoemulsion-based gel 
formulation (BF-200) containing 5-aminolevulinic acid (78 mg/g) 
approved in Europe for use in actinic keratosis and available in 
Austria, Denmark, Germany, Netherlands, Norway, Sweden, and 
United Kingdom. The high efficacy of Ameluz® was demonstrated 
in the pivotal clinical phase III study with 122 patients with 
actinic keratosis treated by PDT with Ameluz® BF-200 ALA or a 
registered MAL cream formulation compared to the placebo gel. 
PDT with Ameluz® BF-200 ALA was superior to placebo PDT 
with respect to patient complete lesion complete clearance rate 
such as 81% vs. 22%, respectively [28]. 

A novel self-adhesive ALA patch is still waiting for approval 
by the FDA, but it is available outside the United States. The ALA 
patch–PDT efficacy was evaluated in a clinical trial by Hauschild 
and colleagues (2009). Twelve months after the use of a single 
ALA patch-PDT, it was able to treat the majority of mild to 
moderate actinic keratosis lesions with an excellent cosmetic 
outcome [29].

4.3.2  Topical Photodynamic Therapy with 
Phthalocyanines Class and Chlorine Derivatives

A high number of phthalocyanines are currently available and 
differentiate by the modifying central metal ligand (usually zinc, 
silicon, or aluminum used to increase singlet oxygen production) 
and type of side chains [26]. The first structure of phthalocyanine 
was elucidated in 1935 by Robertson via X-ray crystallography 
(apud by Allen et al., 2001) [4]. In addition, phthalocyanines have 
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emerged as more appropriate PSs for PDT of pigmented lesion 
because these are active in the red region (650 to 850 nm) and 
thus avoid the visible light absorption scattering process caused 
by melanin pigment and allows deeper tissue penetration with 
higher tumor specificity [30].

Allen and colleagues (2001) discussed that the presence of 
zinc as the central metal ion in phthalocyanine-based photodynamic 
therapy (PC-PDT) induces an oxidative stress with short triplet 
lifetime, high triplet quantum yields, and high singlet oxygen 
quantum yields, which increase its photo activity and induce 
apoptosis in several malignant and non-malignant cell lines 
[4]. These findings support PC-PDT clinical trials and clinical 
orientations to dermatological diseases shown in Tables 4.1 
and 4.2. High photosensitizing activity was also found for 
water-soluble sulfonated zinc phthalocyanines used against S. 
cerevisiae [31], C. albicans and multi drug resistant C. albicans, 
suggesting that the presence of cationic charge is necessary for 
inactivation of these microorganisms.

Furthermore, silicon and aluminum PC showed excellent 
clinical response for actinic keratosis, Bowen’s disease, skin 
cancer, mycosis fungoides (http://clinicaltrials.gov.br/ct2/show/
NCT00103246) and cutaneous neoplasms [33–34]. Medina and 
colleagues (2009) evaluated the tissue penetration activity and 
efficacy of a tetrasulfonate zinc phthalocyanine with and without 
illumination at 670 nm to cells in order to evaluate the intrinsic 
toxicity and phototoxic action, respectively [35]. The light and 
PSs doses used were lower than those usually applied in clinical 
practice. The authors concluded that low intrinsic toxicity and 
intense phototoxic effect on brain mitochondria were observed 
when sulfonated phthalocyanine was used [35]. Tetrasulfonate 
or silicon zinc phthalocyanine has numerous advantages for 
the use in dermatological PDT, such as the activation by larger 
wavelength, which allows increased tissue penetration; minimal 
systemic toxicity and minimal skin photosensitization due to 
a faster clearance from tissues and circulation [10, 35].

Chlorins are reduced forms of porphyrins that are attracting 
attention in PDT field due to the pronounced absorption at 
650–900 nm and because of the ability to sensitize singlet oxygen 
in high quantum yields and low remaining toxicity in the dark 
[36–39]. Furthermore, chlorin absorption bands in the UV, blue 
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region and red visible, the latter usually in the range of red at 
640–700 nm, can be modified by chelated metal ions [40, 41]. 
As a consequence of their low green region absorption, chlorins 
exhibit the green color that is related to the name in greek 
“chloros” [40]. Basically, a chlorin consists of a large heterocyclic 
aromatic compound with a core of three pyrroles and one reduced 
pyrrole ring that are coupled by methine linkages. One important 
example is the chlorophyll presence in plants that consists of a 
naturally occurring magnesium chlorin [42]. Since the 1980s, 
chlorins have been used in PDT and many derivatives were 
developed [42]; however, only the m-tetra(hydroxyphenyl) chlorin 
(m-THPC or termoporfirin, marketed as Foscan®) has been 
approved in Europe for the treatment of head and neck squamous 
cell carcinomas [43]. Gupta and colleagues (1999) were the first 
to study the effect of topical application of m-THPC using PDT for 
basal cell carcinoma and Bowen’s disease in humans. Authors 
observed the pathological clearance in nine out of the 28 patients 
under treatment [44]. With the purpose of improved efficacy 
and decreased side effects, topical delivery of Foscan® delivery 
systems can be applied [45] and will be further discussed in 
the section “Nanocarriers for improved dermal skin delivery of 
photosensitizers in PDT”.

Chlorin e6, also named phytochlorin, is another important 
class of chlorins, which is derived from chlorophyll A [9]. 
Among its main applications we can mention skin cancer [46–48] 
and acne treatment [49]. In the study of Dube and colleagues 
(2006), chlorin p6, also a chlrophyll A derivative, was applied for 
the treatment of squamous cell carcinoma in the hamster cheek 
pouch model using both systemic and topical application. Authors 
observed that for large tumors (>8 mm) topical application 
was more effective than intraperitoneal treatment which was 
justified by the direct absorption of chlorin e6 by the skin layers 
[50]. In another pilot study, topical application of mono-L-aspartyl 
chlorin e6 (NPe6) was performed in balb-c mice skin after tape 
stripping. It was observed an orange to red fluorescence at the 
epidermis, dermis and also at the muscular layer when 10 mg/mL 
was applied. Additionally, a dose-dependent pattern was found 
and fluorescence intensity peak was shown 1 h post-application 
[51].
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Another chlorin derivative that is already under clinical 
trials is radachlorin, also known as bremachlorin, that consists of 
a composition of 3 chlorophyll a derivatives [52]. In this phase 
II clinical studies, both radachlorin solution for intravenous 
injection and a gel for topical application were administered 
and activated by light at 662 nm aiming the treatment of 
basal cell carcinoma. Intravenous administration at a dose of 
1.0–1.2 mg/kg or 4 PDT sessions using topical gel with 
1 week interval and light exposure at 300 J/cm2 and 400 J/cm2, 
respectively, revealed efficacy of approximately 80%.

4.4  PDT Applied to Skin Diseases

Owing to systemic side effects, the interest for the PDT skin cancer 
treatment remained decreased until 1990 when Kennedy et al. 
carried out a clinical trial of ALA-induced Pp IX photodynamic 
therapy, and they found that the complete response rate of the 
first 80 basal cell carcinomas treated was 90% when examined 
2–3 months post-treatment, while 7.5% showed a partial response 
(tumor area decreased more than 50%) and 2.5% corresponded 
to failure. It was also used to treat six lesions having a histological 
diagnosis of either in situ or early invasive squamous cell 
carcinoma. All six showed a complete response. Furthermore, 
cosmetic results were excellent with desirable patient acceptance 
[53]. On the other hand, the use of PDT for non-cancer skin 
treatment, such as antimicrobial skin lesion has been known for 
over 100 years. Antimicrobial PDT or photodynamic inactivation 
(PDI) is an alternative treatment against multidrug resistant 
infections [54].

Table 4.1	 Dermatologic application of photodynamic therapy

Photosensitizer 
used on PDT Dermatologic condition References

(ALA) 
Aminolevulinic acid

Non-melanoma skin cancer [16]
Nodular basal cell carcinoma [55]
Cutaneous T cell lymphoma [17, 56]
Actinic keratoses [57–59]
Psoriasis [60–62]

PDT Applied to Skin Diseases

(Continued)
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Photosensitizer 
used on PDT Dermatologic condition References

Leishmaniasis cutaneous [63]
Paget’s disease
Mycosis fungoides

[64–68]

Molluscum contagiosum [69]
Warts [70]
Acne [27, 71–73]
Sebaceous skin disease [69, 74–75, 88]
Photorejuvenation [55, 76–77]

(MAL) Methyl 
aminolevulinic

Leishmaniasis cutaneous [78]
Paget’s disease [66]
Actinic keratoses [18–20]
Acne [23–24]
Nodular basal cell carcinoma [20, 79–80]
Queyrat disease [81]

Phthalocyanines Lymphoma, non-melanoma 
skin cancer and precancerous 
conditions

[82]

Non-melanoma skin cancer [83–84]
Recurrent cutaneous T-cell 
lymphoma and recurrent 
mycosis fungoides

[82]

Cutaneous T cell Lymphoma [10]
Psoriasis [86]
Non-melanoma skin cancer [87]
Actinic keratoses, Bowen’s disease, 
squamous cell carcinoma, basal 
cell carcinoma, or mycosis 
fungoides

[33]

Chlorins Melanoma skin cancer [47–48, 89]
Squamous cell carcinoma [50]
Bacteria-induced inflammation [49]

Table 4.1	 (Continued)
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4.4.1  Skin Cancer Treatment

Melanoma basal cell carcinoma and squamous cell carcinoma 
belong to non-melanoma skin cancer group which is the most 
common skin cancer worldwide and is able to be treated with 
PDT [90]. Actinic keratosis and squamous cell carcinoma in situ, 
also called Morbus Bowen, are precursors of squamous cell 
carcinoma and therefore are also normally treated with topical 
PDT.

4.4.1.1  Actinic keratosis and squamous cell carcinoma in situ

AKs are proliferations of transformed neoplastic keratinocytes 
confined to the epidermis while the squamous cell carcinoma in situ 
can reach the dermis [90–91]. These are likely to occur on sun 
exposed sites such as face, dorsum of the hands, scalp, often with 
multiple injuries. The photosensitizers of first generation ALA 
and MAL are approved by the FDA and the European regulatory 
authorities, respectively for actinic keratosis and basal cell 
carcinoma. The protocol provides the application of ALA in 
injuries (only individual lesions) followed by exposure to blue 
light (10 J/cm2) [92, 93]. In a clinical trial several light sources, 
photosensitizers and various therapeutic regimes have been 
used successfully [94].

Alexiades et al. 2003 showed the efficiency of ALA treatment 
using pulsed dye laser at 595 nm during 8 months. Forty-one 
individuals with AKs were subjected to a single treatment, with 
topical application of ALA (20%) and incubation period of 3 to 
18 h, followed by pulsed laser exposure. In this study, the control 
group received only laser treatment (without ALA). In addition 
to efficacy, safety, the duration of treatment and recovery period 
were also assessed. The authors concluded that the treatment of 
AKs using pulsed dye laser is safe and effective, causing minimal 
patient discomfort, in addition, excellent cosmetic results were 
reached in the post-treatment [95, 96].

A randomized controlled clinical trial of PDT using MAL to 
treat AK in transplant recipients was evaluated by Dragieva et al. 
(2004). The results showed that MAL-PDT is safe and effective. 
After the end of treatment, all 129 injuries were either resolved 
or were reduced in number and size [97]. Meanwhile, the PDT is 
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not recommended for invasive squamous cell carcinoma but has 
been reported in the treatment of other skin proliferative 
disorders (e.g., vascular malformations), and other skin tumor 
Kaposi’s sarcoma, Paget’s disease, cutaneous B cell lymphoma [2] 
and cutaneous T-cell lymphoma (CTCL) [85]. CTCL is a malignant 
tumor derived from T-helper lymphocytes and a variety of 
treatment options are available, such as topical corticosteroids, 
topical nitrogen mustard, psoralen plus UVA (PUVA), radiation 
therapy, excision, carbon dioxide laser, and photodynamic therapy 
in patients with localized lesions that are resistant to standard 
treatments [3]. Topical ALA cream was applied to two patients 
with CTCL lesions (stage I and stage III) for 16 h and the kinetics 
of ALA-induced protoporphyrin IX (PP) accumulation were 
investigated before, during, and 1 hour after photoirradiation 
(580–720 nm). Authors argued that different patients exhibited 
different patterns of fluorescence kinetics and according to 
lesion thickness the PP fluorescence intensity was diminished 
during photoirradiation process. Absence of PP fluorescence was 
observed in the stage I lesion after the treatment; however, 
PP fluorescence reappeared in the thick stage III MF lesions. 
Complete response was achieved in the stage I lesion with a single 
irradiation light of 170 J/cm2, while for stage III lesion it was 
required fractionated irradiation with a total light dose of 
380 J/cm2. Thus, the ALA-PDT treatment were effective for CTCL 
showing a high response for both stage I and stage III MF lesions.

Fernandez-Guarino et al. 2007, concluded that parameters 
of PDT treatment for CTCL have to be optimized, given that it 
inactivates but does not eliminate the lymphocytes in the plaque 
and that the periods of remission are highly variable and follow- 
up is necessary to monitor possible recurrence [3]. In addition, 
early detection of basal cell carcinoma, actinic keratosis and 
seborrheic keratosis by fluorescence imaging using PDT and ALA 
as biomarkers was reported by Andrade and colleagues (2014) 
(Fig. 4.2). The authors argued that ALA-mediated photodynamic 
detection is a potential auxiliary tool for skin diagnosis. Significant 
discrimination of normal and tumor cell as well as better 
delineation of the lesion margins (which is important for effective 
treatment of skin cancer lesions) were demonstrated [99].
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4.4.1.2  Non-melanoma carcinoma

These are also proliferations of transformed neoplastic keratinocytes 
confined to the epidermis, whereas it extends more deeply 
including dermis. In this way, better results were reported using 
MAL-PDT compared to ALA-PDT. This situation is likely due to 
greater lipophilicity, selectivity, and penetration rates of MAL [93]. 

Figure 4.2	 Skin lesions images using white light illumination (left 
column), autofluorescence (central column) and 1 h after ALA 
application (right column). The lines show typical images 
for: basal cell carcinoma (top), actinic keratosis (center), and 
seborrheic keratosis (bottom). Reproduced with permission 
from Andrade et al., 2014 [99].

However, scientific orientation showed the response of ALA-
PDT in the treatment of skin cancer is satisfactory in 85% to 
100% and 10% to 64% in superficial and nodular carcinoma, 
respectively [93]. MAL-PDT effect on skin lesion was successfully 
confirmed for difficult-to-treat basal cell carcinoma [80], nodular 
carcinoma [100], and queyrat erythroplasia [81]. A MAL-PDT 
multicenter clinical study with large number of patients and 
follow-up of five years after the end of treatment showed cure 
rate of 95% and 73% for superficial and nodular carcinoma, 
respectively. The recurrence rate was 22% for superficial cancer 
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similar to conventional cryotherapy treatments [100]. Ongoing 
clinical trials of PDT for skin cancer are presented in Table 4.2.

Table 4.2	 Examples of FDA ongoing clinical trials for skin diseases 
treated with photodynamic therapy

Clinical trial
Identifier 
number

Clinical 
phase Current status

Evaluation of efficacy 
of PDT in basal cell 
carcinoma

NCT00985829 Phase I This study has been 
completed

Short term effects of 
photodynamic therapy in 
basal cell carcinoma

NCT01015898 Phase I This study has been 
completed

Safety and efficacy 
study for the field-
directed treatment of 
actinic keratosis with 
photodynamic therapy

NCT01966120 Phase III This study has been 
completed

Protocols for painless 
photodynamic therapy 
(PDT of Actinic keratoses)

NCT02124733 Phase III This study is 
ongoing, but 
not recruiting 
participants

Safety study of 
photodynamic therapy 
using phthalocyanine 
injection in treating 
patients with malignant 
tumors

NCT01043016 Phase I The recruitment 
status of this study 
is unknown 
because the 
information has 
not been verified 
recently

Photodynamic therapy 
using blue light or red 
light in treating basal cell 
carcinoma in patients with 
basal cell nevus syndrome

NCT02258243 Phase II This study is 
not yet open 
for participant 
recruitment

Pilot study evaluating the 
efficiency and the toler-
ance of the PDT in the 
treatment of Epidermal 
Dysplasia for patients 
affected by hereditary DEB

NCT02004600 Pilot 
study

This study is 
not yet open 
for participant 
recruitment
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Clinical trial
Identifier 
number

Clinical 
phase Current status

Fractional laser assisted 
daylight photodynamic 
therapy versus daylight 
photodynamic for 
treatment of actinic 
keratoses

NCT01898936 Not 
informed

This study is 
currently recruiting 
participants

A clinical trial evaluating 
the role of systemic 
antihistamine therapy in 
the reduction of adverse 
effects associated with 
topical 5 aminolevulinic 
acid photodynamic 
therapy

NCT02451579 Phase I This study is 
currently recruiting 
participants

A photodynamic therapy 
for treatment of actinic 
keratoses

NCT00558688 Phase I This study has 
been completed

Study of the efficacy 
of daylight activated 
photodynamic therapy 
in the treatment of 
cutaneous leishmaniasis

NCT00840359 Phase II This study 
is enrolling 
participants by 
invitation only

IM versus 5-FU versus 
IMI versus MAL-PDT 
in treatment of actinic 
keratosis

NCT02281682 Phase IV This study is 
currently recruiting 
participants

Study of methyl 
aminolevulinate 
photodynamic therapy 
with and without Er:YAG 
laser in actinic cheilitis

NCT02198469 Phase I This study has 
been completed.

Actinic keratosis  
treatment with Metvix in 
combination with light

NCT02373371 Phase III This study is not yet 
open for participant 
recruitment. 

Evaluation of efficacy of 
photodynamic therapy in 
basal cell carcinoma with 
6 months follow-up

NCT00988455 Phase I
Phase II

This study has been 
completed.
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Clinical trial
Identifier 
number

Clinical 
phase Current status

Photodynamic therapy 
with levulan and blue light 
for treatment of actinic 
cheilitis

NCT02409732 Phase IV This study is 
not yet open 
for participant 
recruitment. 

Safety and efficacy study 
for the treatment of 
non-aggressive basal 
cell carcinoma with 
photodynamic therapy

NCT02144077 Phase III This study is 
currently recruiting 
participants. 

Photodynamic 
therapy using methyl-
5-Aminolevulinate 
Hydrochloride Cream 
in Determining Pain 
Threshold in patients with 
skin cancer

NCT01292668 Phase I This study has been 
completed.

Photodynamic therapy 
compared to adapalene 
0.1% gel plus doxycycline 
in the treatment of acne 
vulgaris

NCT01245946 Phase II This study has been 
completed.

Treatment of actinic 
keratoses of the face with 
imiquimod 3.75% cream 
followed by photodynamic 
therapy

NCT01203878 Phase IV This study has been 
terminated.

Photodynamic 
therapy using silicon 
phthalocyanine 4 in 
treating patients with 
actinic keratosis, Bowen’s 
disease, skin cancer, or 
stage I or stage II mycosis 
fungoides

NCT 
00103246

Phase I This study has been 
completed.

Source: Data retrieved from http://clinicaltrials.gov.

Table 4.2	 (Continued)

http://clinicaltrials.gov
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4.4.2  Other Skin Disease Treatments

PDT applications for non-oncologic dermatology are based on 
(1) photosensitizing skin appendages; (2) immunomodulatory 
action through lymphocyte activation and (3) microbial inactivation 
by irradiation of visible light. Thus, both topical ALA and MAL- 
PDT are considered in practical clinical an alternative for the 
treatment of selected skin inflammatory diseases (e.g., psoriasis) 
[1], localized infections by virus, bacteria and fungi [101] and 
other skin disorders including those caused by photodamage [102]. 

4.4.2.1  Viral lesions treated with PDT

Several clinical trials of PDT have been conducted against viral 
infections, especially for cutaneous warts also known as verrucae 
vulgaris and condyloma accuminata (genital warts) caused by 
human papilloma virus (HPV) [54]. A clinical trial of 31 patients 
with cutaneous warts treated with ALA-PDT showed complete 
response and no significant side effects [103]. Ichimura et al. 
showed that PDT treatment was effective not only in improving 
the cytological and histological characteristics but also for 
eradicating cervical HPV [104]. Similar results were found when 
used for the treatment of cervical intraepithelial neoplasia [105], 
inoperable vulvar Paget’s disease [106]; molluscum contagiosum 
lesion (sexually transmitted) successfully treated with ALA-PDT 
in HIV-positive individuals [69, 107]; condyloma in the vulva, 
vagina, and penis [108–110].

Recent clinical data of anogenital condylomata acuminata 
treated with topical PDT was provided by Nucci et al., 2010. 
Thirteen out of 14 cases were successfully treated and the 
best results were likely to be achieved with 16% to 20% gel 
formulation of ALA and red light dose of 100 to 150 J/cm2 [111]. 
It is important to highlight that the effectiveness of photosensitizer 
compounds against viruses is governed by physical and chemical 
parameters such as virus type and photosensitizer structure [112].

Mark Wainwright presented an excellent review article on 
these aspects and described several photosensitizers that are 
able to inactivate both enveloped and non-enveloped viruses and 
are active against all stages of the virus life. Thus, the influence of 
molecular charge and lipophilicity/hydrophilicity balance (log P) 
as well as the degree of ionization (pKa) of photosensitizers 
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are important to ensure that it is able to enter the infected cell 
before attacking the virus [112]. For example, amphiphilic 
phthalocyanine derivatives were more effective against cell-
associated virus than were hydrophilic analogues, while anionic 
phthalocyanines are thought to act against the viral envelope. 
In this way, considerable efforts have been made with both 
anionic and cationic phthalocyanines to improve the PDT treatment 
effectiveness [113–115].

4.4.2.2  Bacterial lesion treated with PDT

Several problems with conventional bacterial treatments, 
including antibiotic resistance, create a demand for PDT. The 
most common bacterial infection of skin is acne, caused by 
Propionibacterium acnes (P. acnes), found in the sebaceous 
glands of patients. Common therapies for acne include topical 
antibacterial therapies and phototherapy without photosensitizer 
[101]. The skin photoactivation by phototherapy using blue, red, 
yellow light and pulsed laser devices can produce a significant 
improvement over the time once the P. acnes is capable of 
producing endogenous porphyrins [101]. Moreover, Hongcharu 
and colleagues (2000) reported for the first time a clinical trial of 
combined photosensitizer and illumination by ALA-PDT treatment 
for inflammatory acne disease [116].

PDT acne treatment mechanism occurs by damage into 
sebaceous glands concomitantly with light activation of porphyrin 
(produced from P. acnes and ALA) resulting in photodynamic 
killing of P. acnes [116]. PDT after ALA and MAL applied to the 
skin were safe and effective for acne treatment since P. acnes is 
capable of producing endogenous porphyrins and even more 
porphyrins can be accumulated in the presence of ALA or MAL, 
ensuring the effectiveness of PDT treatment. Also, no significant 
differences in the response rate between ALA-PDT and MAL-PDT 
was found [21]. Greater clinical effect was observed by Taylor 
et al. using short time contact of topical ALA and MAL applied 
on skin before the illumination with non-coherent light source 
[117]. Furthermore, an alternative mode of action for ALA-PDT 
other than direct damage to sebaceous glands or photodynamic 
killing of P. acnes was suggested by Pollock et al., 2004 [73].

Hui-Lin Ding and colleagues (2011) showed a case report 
using a repeated weekly short-cycle ALA-PDT to treat severe 
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facial acne lesions refractory to systemic retinoid and antibiotics. 
Freshly prepared 3% ALA cream was applied to acne lesions 3 h 
before light irradiation. Mild erythema and edema occurred 
immediately after the treatment and lasted 3–5 days. Mild 
exfoliation and crusts occurred 2–4 days post-treatment and 
spontaneously subsided within 2–3 days. No severe exfoliation, 
erosion, or purpura was seen during or after the treatment. Since 
most of the lesions were completely cleared after 3 sessions, 
no further treatment was required. The results of this case report, 
however, suggest that repeated weekly short-cycle ALA-PDT of 
low drug/light dose could be an alternative treatment for facial 
acne refractory to conventional therapies [118].

Moreover, there is number of clinical trials that successfully 
treated acne with both ALA and MAL–PDT using different light 
sources and protocols [21, 119–122] and most of them considered 
that neutral or anionic photosensitizers are able to bind and 
inactivate the Gram positive bacteria but only bind to the outer 
membrane of Gram-negative bacteria because the latter has 
physical and functional barrier provided of two cell envelope 
membranes, which influence the response of PDT [123]. 
Wardlaw and colleagues showed a greater PDT susceptibility for 
Gram-positive bacteria than Gram-negative using topical ALA 
treatment of skin wound caused by Staphylococcus intermedius, 
Streptococcus canis, Pseudomonas aeruginosa, and Escherichia 
coli. Staphylococcus intermedius and S. canis had 60–70% cell 
death and Pseudomonas aeruginosa also responded significantly, 
but to a lesser extent with about 30% cell death, while E. coli 
did not have any significant bacterial death with PDT treatment 
[123].

4.4.2.3  Fungal skin lesions treated with PDT

Unlike bacterial therapy, antifungal standard treatments are 
limited due to the reduced number of drug substances, several 
side effects, prolonged and expensive drug treatment in addition 
to high incidence of drug resistant fungi [124]. Advantageously, 
the use of PDT for fungal skin lesion treatment reported did not 
cause resistance to antifungal and mutagenic effects on fungi 
cells. A review of superficial fungal infections of the skin treated 
by photodynamic therapy was provided by Calzavara-Pinton et al. 
2005 in order to bring attention to this application of PDT that 
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is cost-effective, highly selective and prevents the occurrence 
of drug resistant [26].

In this book chapter, we intended to show the general 
principles of photosensitization of fungi and discuss the most 
common photosensitizers used for this application. As discussed 
above, the photosensitizer structure and spectrum of light used 
for PDT of skin diseases is a critical issue. Cationic photosensitizers 
appear to be more effective for microorganism treatment and 
are the predominant type used against fungal skin lesions. Fungi 
cells consist in much more complex targets than bacteria. It is 
enveloped by a thick external wall composed of a mixture of 
glucan, mannan, chitin, and lipoproteins and separated from 
the plasma membrane by a periplasmic space, which makes it 
more similar to mammalian cells than bacteria cells [124]. 
Furthermore, photosensitizers with absorption peak at red or 
near infrared regions may be suitable for the treatment of 
dermatophytes (which can invade both the stratum corneum 
and hair follicles) due to the deep penetration into tissue while 
the photosensitizers absorbing at blue region are more suitable 
for Candida species (which can superficially invade the tissue) [26]. 

Mycosis is an infection caused by direct fungal invasion of 
the skin. Interdigital mycosis of the feet is the most frequently 
observed condition of fungal infection in men [125]. ALA-PDT in 
the treatment of interdigital mycosis of the feet caused by 
Candida or Trichophyton species were clinically effective in an 
open pilot study using nine patients and 20% of topical ALA 
under occlusive dressing, followed, 4 h later, by the irradiation of 
75 J/cm2 of broadband red light. Four weeks after the treatment, 
patients had a final clinical follow-up and laboratory examination. 
Clinical and microbiological recovery was identified in most 
patients. However, after 4 weeks, recurrences were seen in four 
patients and overall tolerability was good [125].

4.4.2.4  Other microbiological lesions treated with PDT

Pityriasis versicolor, tinea cruris, papillomas, molluscum contagiosum, 
leishmaniose cutanea are microbiological lesions also treated 
with PDT [126]. Cutaneous leishmaniose is an infection depending 
on the host genetic background and the leishmaniose parasite 
type. Recently, Akilov et al., 2007, reported the efficacy of PDT 
for cutaneous leishmaniasis. The parasites were inoculated 
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intradermally into each ear of BALB/c mice and ALA-PDT 
was performed 3 weeks after infection. Infected sites were 
illuminated and mice were sacrificed after 5 days of PDT and the 
parasites load was assessed. In vivo, authors observed that PDT 
with ALA resulted in significant reduction of the parasite loads; 
however, it led to tissue destruction [127].

Shol et al., 2007 reported excellent results of PDT treatment 
in patient with facial cutaneous leishmania proved to be resistant 
to various other therapeutic regimens. The PDT treatment using 
Metvix® cream (Photocure, Odlo, Norway) as photosensitizer 
consisted of two applications of light administered at one week 
interval, in addition a third application was conducted after four 
weeks to ensure treatment success. The lesions healed rapidly 
after PDT with good cosmetic results [128]. Finally, it was reported 
the successful treatment of a 69-year-old patient with a relapse 
of long-standing cutaneous leishmaniasis using intralesional ALA-
PDT [129].

4.4.2.5  Other inflammatory lesions treated with PDT

Psoriasis, characterized to be a chronic inflammatory skin disease, 
has an estimated prevalence worldwide from 0.6% to 4.8% and 
approximately 2.5% and 1.3% of these cases are predominant 
in caucasian and African populations, respectively [1]. Current 
therapies for psoriasis include corticosteroids, cyclosporine, 
topical vitamin D analogs, phototherapy such as ultraviolet B, 
psoralen plus ultraviolet A and others. PDT is an innovative light 
treatment for psoriasis but some disadvantages of this therapy 
have been reported, such as a very painful sensation during and 
after the treatment, besides the treatment cost and the partial 
clearance of lesions [1]. Schleyer and colleagues (2006), evaluated 
an intrapatient comparison study on 12 patients in order to 
determine the topical ALA-PDT as a suitable treatment for 
chronic plaque-type psoriasis. However, the authors achieved 
disappointing results and low treatment tolerability. All patients 
reported that the PDT caused pain or burning during irradiation, 
which lasted for several hours after treatment [130]. Avoiding 
similar results, a clinical randomized of topical ALA-PDT carried 
out by Radakovic-Fijan and colleagues (2005), applied 1% of 
ALA in 29 patients because of their observation of very painful 
sensations when 10% to 20% ALA was used during PDT of psoriasis. 
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The authors concluded that satisfactory response in localized 
psoriasis using a smaller doses was achieved [62]. Recently, a 
good clinical response was observed in most patients treated 
with ALA-PDT in a clinical and immunohistochemical evaluation. 
The topical ALA-PDT applied in 12 patients caused an improvement 
in the psoriasis but several discomforts were related [131].

Different clinical studies compared the efficacy of both topical 
PDT and dithranol in patients with chronic plaque psoriasis 
[132, 133]. Nine patients were treated on symmetrical plaques 
twice a week for 2 weeks with PDT and were treated daily with 
0.5% dithranol. Patients were evaluated before and 20 days after 
the treatment. The results showed that 56% of the patients 
reported that PDT caused less pain and irritation when compared 
with dithranol. However, treated plaque thickness improved in 
57% and 78% of the PDT group and dithranol group, respectively 
[133].

Rosacea is another common skin disease of unknown cause 
and frequently treated with conventional antibiotics, which are 
tetracycline and metronidazole [134]. The rosacea symptoms 
involve redness area and inflamed skin lesions particularly on 
the nose, forehead, cheeks and chin and it can affect women 
more than men between the 30 and 50 years old. Nybaek and 
Jemec (2005) reported clinical results of the combined PDT and 
standard treatment using tetracycline and metronidazole. The 
treated skin cleared in three of the four patients. Treatment 
with light alone did not appear to have any effect. In one of the 
patients, there was no relapse during a 9-month follow-up. In 
two patients, remissions lasted 3 months [134]. Others studies 
in a series of rosacea patients using MAL-PDT showed good 
results in 10 out of 17 patients, and fair results in other 4 patients 
suggesting an apparent effect of MAL-PDT on rosacea [135].

4.4.2.6  Other dermatological applications of PDT

4.4.2.6.1  Photorejuvenation, cosmetic enhancement 
and hair loss

As results of a consensus conference of PDT, the experts established 
consensus statements for pretreatment, post-treatment, ALA 
contact time, light sources, and number of sessions for ALA PDT 
to treat superficial basal cell carcinoma, actinic keratosis, acne, 
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rhinophyma, rosacea, sebaceous skin, cosmetic enhancement, and 
photorejuvenation. In this evaluation, it was concluded that ALA 
PDT offers many advantages, being a safe and effective tool for 
use in dermatology treatment [136]. 

In clinical practice, the human skin with photoaging damage 
was treated using ALA-PDT and red light. The results showed 
general improvement of skin color, collagen and elastic fibers 
for 92.3% of the cases. However, the melanose was not totally 
removed. These results suggested better efficacy of ALA-PDT for 
lower photo-type human skin [183]. Cosmetic outcomes using 
PDT were reported as good to excellent [76, 77, 137].

Gold in 2003 observed, after full face ALA-PDT treatments, 
improvements of about 90% in crow’s feet, 100% in tactile skin 
roughness, 90% in mottled hyperpigmentation and 70% in 
telangiectasias [76].

An industry-sponsored multicenter study was published in 
2007 by Rhodes et al. The authors compared 5-year lesion 
recurrence rates in nodular basal cell carcinoma treated with 
topical MAL-PDT or simple excise surgery. Excellent cosmetic 
outcome: 87% versus 54% was achieved for MAL-PDT and excision 
surgery, respectively [32].

Similar cosmetics results were reported single-center and 
open-label investigatory studies of photodamaged skin 
using topical ALA-PDT, in which the subjects have reported 
improvements in their fine winkles, skin roughness and overall 
hyperpigmentation for about 67%, 33%, and 67% of the patients, 
respectively [77] and excellent cosmetics rates higher than 90% 
for nonhyperkeratotic actinic keratosis lesions [138].

Another recent report was a pilot study to compare the 
effectiveness of ALA-PDT and red light alone for photoaging 
therapy. For this purpose, patients with photoaging skin were 
evaluated. The treated forearm sites using ALA-PDT or red light 
alone were examined by dermoscopy and the transepidermal water 
loss (TEWL), before and after treatment, as well as the changes 
in stratum corneum (SC) hydration was assessed. In addition, 
microscopic examination of collagen and elastin was performed 
(Fig. 4.3). The results showed better skin rejuvenation effect using 
ALA-PDT treatment when compared to ref light alone (TEWL 
decreased and SC hydration increased). Furthermore, the signs of 
typical solar elastosis damage were enhanced in the groups [139].
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Figure 4.3	 Representative microscopic images of collagen and elastin 
staining. After PDT or red light illumination, the epidermis 
became slightly thicker but more prominent in the ALA- 
PDT group. The photoaging signs were improved and the 
content of collagen fibers increased in both groups but the 
PDT group showed more collagen depositions. Improvement 
in the denaturation of elastic fibers with more obvious 
increase in the content of elastic fibers was confirmed in 
the PDT group in addition the distribution of collagen and 
elastic fibers in the dermal layers appeared more uniform, 
regular, and tighter after ALA-PDT. Image reproduced with 
permission from Jie Ji et al. (2014) [139].

ALA-PDT was also evaluated for hair loss. The authors applied 
ALA 5, 10% and 20% in patient with alopecia areata 3 h before 
the red light application. The results showed no significant hair 
growth after 20 twice-weekly treatment sessions. A significant 
increase in erythema and pigmentation was observed for the 
three concentrations of ALA [60]. In this way, PDT is a common 
tool for dermatology worldwide both for clinical practice and for 
preclinical studies, and perhaps better performance can be reached 
using appropriated protocols established depending on a case.

4.5  Nanocarriers and Physical Methods 
for Improved Dermal Skin Delivery of 
Photosensitizers in PDT

Skin naturally exerts hindrance against molecule penetration 
playing a role as a protective layer, also against mechanical and 
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radiation-induced injuries. Skin has other functions such as 
immunologic, metabolic, sensory, temperature regulation and 
excretory through sebaceous and sweat glands [140]. The skin 
barrier is particularly provided by the outermost layer with 
lipophilic properties, the stratum corneum (SC), which is the 
limiting factor of dermal absorption. However, other numerous 
factors can influence the permeation of substances through the 
skin, such as contact area, exposure duration, integrity of SC 
and thickness of the epidermis. After SC, there is a hydrophilic 
compartment represented by viable epidermis and dermis, formed 
by stratified epithelium and conjunctive tissue, respectively [141].

The SC is a selective skin layer that hampers drug permeation 
according to physicochemical characteristics of molecules such as 
lipophilicity, molecular weight, and concentration. Related to PSs, 
the lipophilic molecules are absorbed more easily, whereas 
hydrophilic molecules are barred by SC [9]. So, there is a need of 
drug incorporation into effective delivery systems, addition of 
penetration enhancers into the formulation or use of physical 
methods (ionthophoresis and sonophoresis), which also will 
determine the skin permeation and overcome the skin barrier 
to access viable skin [142].

Another important issue to consider is the cutaneous 
absorption in diseased skin, mainly for conditions that alter 
stratum corneum such as wounds and inflammation or those 
related to disturbed epidermal differentiation as thickened stratum 
corneum in non-melanoma skin cancer, for example [143]. Dermal 
permeation of substances is enhanced in compromised skin 
compared to normal skin [144]. Within this context, Gattu and 
Maibach (2011) provided examples of these conditions such as 
mycosis fungoides, psoriasis and skin atopic dermatitis patients, 
concluding that damaged or diseased skin display different 
patterns in penetration [145].

4.5.1  Nanocarriers used in Topical PDT

Nanotechnology represents an advance for PDT use, because 
nanoparticles may offer large payload of different types of PSs, 
possess multiple ligands and promotes controlled release [146]. 
For topical application, drug delivery systems based on 
nanotechnology can deliver efficiently PSs molecules into 
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viable epidermis and enable clinical use of PDT [83, 147–149]. 
Features required for this kind of development are the use of 
biocompatible and biodegradable materials, maintenance of small 
size in the range of nanometers with large surface area to mass 
ratio and high reactivity (Fig. 4.4). Furthermore, it should display 
safety, interact with biological systems, improve solubility of 
hydrophobic molecules, protect against degradation and increase 
the bioavailability of PSs [146].

Figure 4.4	 Schematic presentation of nanocarriers used to skin cancer 
treatment and diagnosis based on PDT.

4.5.1.1  Polymeric carriers

The most common polymeric nanoparticles are polymer-PS 
conjugates, PS-loaded polymeric nanocarriers and polymeric 
micelles containing PS, which could be applied for passive or 
active delivery strategies [150]. Also, the highly branched polymer 
known as dendrimer can be used as PS carrier, which possesses 
well-defined structure with high capability of drug payload [151].

Regarding polymeric nanoparticles, the main advantages lie 
in their versatility, physical robustness, surface properties, high 
drug loading and diversified composition of polymeric matrices, 
which could be controlled for polymer degradation and drug 
release kinetics [152].

Within polymeric carriers, there are biodegradable polymer 
nanoparticles, which have advantages such as biodegradability, 
ability of controlled release, high drug loading and allowing 
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incorporation of site-specific moieties. For this kind of particle, 
there is a large variety of available materials and manufacturing 
processes, which is interesting for application in PSs because 
they can accommodate PSs with several degrees of hydropho-
bicity, molecular weight and pH. Also, biodegradable polymeric 
nanoparticles can improve PDT response compared to conventional 
formulations [153, 154]. 

Da Silva et al. (2013) investigated the effect of Poly(D,L 
lactic-co-glycolic acid) (PLGA) based nanoparticles for PpIX 
application on the skin using fluorescence microscopy. Penetration 
and distribution of PpIX was analyzed after 8 and 24 h post-
application and revealed greater fluorescence intensity in deeper 
skin layers after 24 h [155]. In vivo studies using polymeric 
nanoparticles for topical PDT were performed by Wang et al. 
(2015). PLGA nanoparticles loaded with 5-ALA were prepared, 
characterized and applied topically in SKH-1 hairless mice with 
cutaneous SCC. Animals treated with nanoparticles in the absence 
of PDT presented tumor growth similar to the negative control 
group. In contrast, when nanoparticles were applied and PDT was 
performed, a significant tumor reduction was observed a week 
after the second treatment (P  0.0001). As a result, a reduction 
of approximately 68% tumor sizes after four treatments was 
observed [156].

4.5.1.2  Lipid-based carriers

Among lipid-based carriers, the most commonly reported are 
liposomes and lipid nanoparticles, which embrace solid lipid 
nanoparticles and nanostructured lipid carriers, as well as 
nanoemulsions and liquid crystalline nanodispersion, among 
others. In general, all these lipid-based carriers increase 
solubilization of water-insoluble substances, dissolve or suspend 
the drug into lipid matrix [157].

Liposomes are vesicles formed by bilayers of phospholipids 
that can accommodate hydrophilic and hydrophobic PSs. For 
example, lipophilic PSs such as phthalocyanine derivatives are 
solubilized into the bilayer region and hydrophilic PSs such as 
aminolevulinic acid solubilize in the inner core of liposomes 
[152]. Liposomes are regarded as versatile and superior compared 
to other lipid-based carriers, once they can have controllable 
sizes according to preparation procedures [158] as well as are 
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able to decrease concentration of PSs and lower light doses 
[154]. Improvement of 5-ALA skin penetration from topical 
application using liposomes was reported in the last decade 
[149, 159]. For example, liposomes containing lipid composition 
similar to mammalian stratum corneum such as ceramide type 
III, cholesterol, cholesteryl sulfate and palmitic acid, were able 
to promote effective PSs delivery into the skin [149]. However, 
malleable, flexible, and deformable liposomes such as ethosomes, 
flexosomes, and invasomes, respectively, are the new generation 
of liposomes developed for enhanced skin delivery (Fig. 4.5).

Figure 4.5	 New generation of deformable liposome able to adapt its 
shapes and volume when passing through the stratum 
corneum.

Deformable liposomes were capable of adapting their shape 
and volume when passing through the SC [192] (Santana et al., 
2011) and have been used as 5-ALA carriers [160, 161] and meta-
tetrahydroxyphenyl chlorine (mTHPC) carriers [162–165]. There 
are fundamental differences between them, such as composition; 
for example, ethosomes are composed of phospholipids, water, and 
high concentration of ethanol since invasomes contain terpenes, 
phospholipids, and ethanol, which make the vesicle deformable [9]. 

Solid lipid nanoparticles are formed by a solid lipid matrix, 
present average diameter around 200 nm, physical stability, are 
able to protect labile molecules and provide biological tolerability. 
Nanostructured lipid carriers are formed by a mixture of solid 
and liquid lipids in the core; as well their size is around the 
nanometric range. This latter carrier has better drug loading and 
retention during storage compared to solid lipid nanoparticles. 
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Because of their lipid composition they interact with skin and 
due to their adhesiveness (lipids and small size) they can form a 
film on the skin and generate occlusive effect, being good candidates 
for TPDT [154, 166]. Lima and colleagues (2013) prepared 
and characterized hypericin-loaded solid lipid nanoparticles to 
decrease aggregation of hypericin, increase PS solubility and PDT 
efficacy. They showed lifetime prolongation of the triplet state 
and better cell uptake in epithelial and melanoma cell lines [167]. 

Liquid crystalline phases are lipid-structured systems, in 
which the lipid composition is formed by polar lipids such as 
glycerol monooleate, organizing itself in contact with water. 
Their ability to control PSs skin delivery [148, 168] makes them 
particularly attractive carriers for skin cancer treatment using 
PDT. Specific reverse hexagonal and cubic phase can co-exist 
in equilibrium with an excess of water forming stable colloidal 
dispersions in nanometer size with potential use for drug delivery 
and has already been used to encapsulate PS for PDT application 
[83, 147, 148]. Furthermore, this system has promoted better 
in vitro and in vivo penetration into skin layers of a chlorin derivative 
and phthalocyanines, which is essential for topical PDT [147, 148]. 

4.5.1.3  Inorganic nanoparticles

There are several examples of inorganic nanoparticles employed 
in PDT, such as gold nanoparticles, silica-based nanoparticles 
and iron oxide nanoparticles, but their potential toxicity should 
be taken into account and studied case by case [169].

Gold nanoparticles, due their small size, chemical inertness, 
and improved targeting, can have enhanced permeation into 
tumor tissue and vasculature [169]. Although gold nanoparticles 
have not been evaluated for the in vivo efficacy in topical PDT, 
they could be potentially applied for this purpose. For instance, 
in the study by Navarro and colleagues (2013), a thiol-terminated 
charged block copolymer was grafted on the gold nanoparticles 
surface to favor steric hindrance and these nanoparticles were 
labeled with the photoactive molecule dibromobenzene, a PS 
with residual fluorescence, for fluorescence imaging and efficient 
PDT on B16F10 melanoma cells [170].

Silica-based nanoparticles present several advantages, such 
as the large surface area and pore volume, enabling high drug 
loading, with various precursors and synthesis methods available, 
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bringing flexibility to carry PSs. Moreover, they are compatible 
with biological systems and allow functionalization [169]. An 
example was the encapsulation of silicon phthalocyanine 4 (Pc4), 
resulting in improved aqueous solubility and stability, being able 
to deliver Pc4 with more efficacy compared to free drug towards 
melanoma cells [171]. Magnetic nanoemulsions were studied to 
deliver Foscan®, a chlorin derivative, through the skin [172]. In 
this study, authors synthesized magnetic nanoemulsions through 
the combination of colloidal nanoparticles with magnetic fluids. 
These inorganic nanoparticles were able to increase Foscan® 

retention in the stratum corneum and viable epidermis in vitro 
after 12 h of treatment. 

4.5.2  Physical Methods Applied for PDT

Topical application of PSs in combination of physical methods 
is able to improve the PS transport across the skin [174, 175]. 
Among the physical enhancement techniques, one of the most 
promising is iontophoresis, in which the constant application of 
small electric potential forces substance transports across the 
skin by electromigration or electroosmosis mechanisms. First, 
there is the occurrence of electrorepulsion between the electrode 
and drug, with the same charge and, second, there is the convective 
solvent flow toward anode to cathode transporting cations, 
neutral and polar compounds. The drug amount transported 
is directly proportional to the quantity of charge applied and it 
is advantageous because drug transport occurs when the current 
is switched on, influencing the delivery kinetics [173, 175].

The association of PSs and iontophoresis has been previously 
reported. For instance, 5–ALA delivery has been studied in 
anodal iontophoresis at physiological pH applied on skin, with 
protoporphyrin IX fluorescence and phototoxicity evaluations 
[184]. Moreover, iontophoretic delivery in vitro of 5–ALA was 
carried out by electroosmosis [176], while 5–ALA esters with 
net positive charge were transported by electromigration with 
great enhancement of transportation in in vitro evaluations 
[177]. Others porphyrins such as meso-tetra-(N-methylpyridinium-
4-yl)-porphyrin (TMPyP), cationic water soluble PS, and meso- 
tetra-(4-sulfonatophenyl)-porphyrin (TPPS4), negatively charged 
water soluble PS, were studied by iontophoresis at physiological 
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pH to evaluate the influence of electrical charges at skin 
transportation and homogeneous distribution in in vitro/in 
vivo studies. In vitro studies showed high TMPyP transdermal 
permeation by iontophoresis and passive permeation compared 
to TPPS4, which only had superficial accumulation in the skin in 
vivo. Unlike, through in vivo study, iontophoresis allowed more 
TMPyP transportation, evidenced by high fluorescence in 
epidermis/dermis of rats. In addition, TMPyP had superior 
accumulation around nuclei of skin cells [174].

Sonophoresis is the use of ultrasound for drug delivery. 
High (≥0.7 MHz) or low (20–100 kHz) frequencies of ultrasound 
are able to increase the drug transportation through the skin by 
cavitation effects. Noteworthy, low frequencies of ultrasound are 
more effective in enhancing skin permeability of drugs; however, 
both techniques can improve local, regional and systemic drug 
delivery [178]. For example, low frequency of ultrasound can 
be applied before or simultaneously to drug delivery, enhancing 
drug molecules permeation by structural alterations or induced 
convection flow across the skin. 5–ALA had its permeation 
enhanced across human skin ex vivo, using low frequency 
sonophoresis before the 5–ALA diffusion assay. The results 
indicated that sonophoresis exerted a significant accumulation 
of 5–ALA into full thickness skin compared to passive permeation 
during 8 h of permeation, also, the same occurred for 5–ALA 
skin retention, which overcomes the hydrophilicity of 5–ALA, 
contributing to tumor delivery and increase of 5–ALA clinical 
response [179].

Considering that PSs have to overcome a thick overlying 
keratotic layer or disrupted layer in areas of skin pathologies, 
microneedles are considered a viable method for PS enhanced 
delivery [180]. Microneedles have needles with length around 25 
to 2000 μm and are arranged up to hundreds per square 
centimeter. They produce channels in microscale, do not provoke 
pain, and are applied on the skin overpassing stratum corneum 
to deliver drugs into epidermis/dermis [180, 181]. Microneedles 
could be solid microneedles made of silicon, metal, or polymer, 
and they are used in the technique “poke and patch,” first, the 
skin is punctured, second, the patch or formulation containing 
PS is applied, which has already been described as a successful 
therapy for PDT, as well as several clinical studies have 
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demonstrated enhancement of PDT efficacy [180, 182]. Because 
solid microneedles can be broken inside the skin, dissolvable 
microneedles can be an option for the same purpose for topical 
application, where the polymeric content starts to dissolve releasing 
the PS into the skin [180]. Successful results were obtained with 
hydrogel microneedles composed by poly(methylvinylether/ 
maleic acid) loaded with the PSs: 5–ALA or meso-tetra (N-methyl- 
4-pyridyl) porphine tetra tosylate, showing enhanced in vitro 
effect of released PSs [182].

Finally, a pilot split-face study was carried in patients with 
multiple actinic keratosis and photodamage. They received 
treatment with conventional formulation containing methyl 
aminolevulinate with previous gentle curettage in one side of the 
face and, on the other side, they received the microneedle device 
(1500 μm in length) loaded with methyl aminolevulinate, and 
after 90 min PDT was applied. This device was able to ameliorate 
photodamage aspects such as mottled pigmentation, roughness 
and shallowness and a more prominent effect was observed in 
fine lines and coarse wrinkles compared to conventional 
formulation. Nonetheless, crusting and pain were more common 
on the microneedles side [19].

4.6  Potentials and Limitations of Topical PDT

Topical photodynamic therapy by ALA, MAL or phthalocyanines 
and chlorins is generally well tolerated but contraindications 
and main side effects after PDT include moderate to severe pain 
and burning during administration of phototherapy, epithelial 
exfoliation, erythema, edema, post-inflammatory hyperpig-
mentation, besides rare complication, such as systemic lupus 
erythematosus, photosensitive dermatoses, and nonresponsive 
tumor [2, 21]. Moreover, other limitations of topical PDT make it 
not currently recommended as a first line treatment. These 
limitations include (i) the light needed to activate the PSs can-
not pass through more than 1 centimeter of tissue thus clinicall 
 limiting PDT to treating superficial lesions; (ii) PDT cannot be 
used to treatment of metastasized cancer due the light cannot pass 
far into the tumor; (iii) there is significant variability among PDT 
practice protocols making it difficult to compare its efficacy to other 
treatment modalities and (iv) PDT is not yet as effective as surgery. 
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Topical PDT still appears to be limited to deep skin diseases 
making necessary the use of drug delivery systems using 
expensive carriers, thus increasing the therapy cost. Preparations 
such as nanoparticles, liposomes, nanoemulsions, liquid crystalline 
phases, and the use of microneedles as a physical method for 
penetration enhancement, have been receiving a lot of attention 
as strategies to deliver PSs for topical photodynamic therapy and 
photodiagnostics. These preparations are able to increase the 
accumulation of photosensitizer in the deep skin layers with high 
treatment efficacy and safety. In addition, advances in topical 
PDT have been a result of combined photosensitizers and 
the synthesis of new photosensitizers. Perhaps, when other 
photosensitizers and/or light sources and appropriated skin 
delivery systems are developed, PDT will become a more reliable 
and effective treatment.
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Novel Starch-Derived Topical Delivery 
Systems

5.1 Introduction

5.1.1 Starch: Functional Characteristics and Relevance

In the past decade, the demand for natural and eco-friendly
products has been growing. Natural polymers, with emphasis on 
starch, are a valuable option to comply with this green request, 
whilst creating products with the desired sensorial attributes.

Starch occurs as an odorless, tasteless, fine, white powder 
and the chemical formula of its molecule is (C6H10O5)n, where
n = 300–1000 [1]. It is composed of two polymers of D-glucose
(Fig. 5.1): amylose (AM), an essentially unbranched α[1  4] linked 
glucan, and amylopectin (AP), which has chains of α[1 4] linked 
glucoses arranged in a highly branched structure with α[1  6] 
branching links [2].
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Figure 5.1	 Structural formula of starch.

AM has a molecular weight of approximately 105–106 Da 
and a degree of polymerization (DP) of 324–10000 glucose units 
[2–4]. Unlike AP, AM has a low degree of branching, which gives 
AM the tendency to form insoluble semi-crystalline aggregates 
[2]. It forms helical complexes with iodine, fatty acids, and 
monoglycerides [4, 5]. AP, the major component of all starches, is 
a much larger molecule with a molecular weight of approximately 
107–109 Da and with a heavily branched structure [4]. The basic 
organization of the chains is described in terms of the A, B and 
C chains: the outer A chains are unsubstituted and glycosidically 
linked at their potential reducing group through C6 of a glucose 
residue to an inner B chain; these B chains are in turn defined 
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as chains bearing other chains as branches; the single C chain 
per molecule likewise carries other chains as branches, but 
contains the sole reducing terminal residue of glucose [2, 5]. In 
general, the ratio of AM to AP and their structural variability 
strongly depend on the botanical origin. Normal starches 
contain approximately 70% to 80% of AP and 20% to 30% of 
AM (Fig. 5.2) [5, 6].

Figure 5.2	 Starch granules composition [5, 9].

Minor components of starch include lipids, proteins, and 
minerals. Starches, in particular cereal starches, contain inner 
lipids in the form of free fatty acids and lysophospholipids. The 
minerals found in starch are calcium, magnesium, phosphorus, 
potassium, and sodium [3, 5].

Phosphorus in starch is mainly present in two forms: 
phosphate monoesters and phospholipids. Phosphate monoesters 
are covalently bound to the AM fraction of the starch, increasing 
its paste clarity and viscosity, and phospholipids gives opaque 
and lower-viscosity pastes [7].

Starch granules range in size (from 1 to 100 µm diameter), 
shape (polygonal, spherical, ovoid and lenticular) and in content, 
structure and organization of the AM and AP molecule, accordingly 
to each botanical variety and growth conditions (Table 5.1) [1–3]. 
In addition, starch granules usually contain a central line known 
as the “Maltese cross” or hilum, and this characteristic reduces 
the birefringence of the starch granules [8].

Introduction
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This variety in form and function gives starch not only 
advantages but also disadvantages as the variableness of the raw 
material can affect the proper pharmaceutical manufacturing. 
Modified starches were developed to allow a wider range of 
processing conditions and nowadays are extensively used to 
overcome the variability of the native starches.

5.1.1.1  Modified Starch: A Strategy to Prepare High 
Performance Starch

Modified starch has been developed to fulfill pharmaceutical 
industry needs. Modified starch is an excipient that offers 
functional advantages such as gelling and thickening.

In general, AM synthesis requires just a single gene, while AP 
modification involves the combined action of several enzymes. 
Modification of starch can be achieved by using a derivatization 
technique, such as etherification, esterification, cross-linking and 
dual modification of starch; by decomposition or conversion using 
acid or enzymatic hydrolysis and oxidation of starch; or by physical 
treatment, using heat or moisture. Chemical modification requires 
the introduction of functional groups into the starch molecule, 
resulting in markedly altered physicochemical characteristics, 
such as gelatinization, pasting and retrogradation behavior [14].

Three different enzymatic strategies are available to 
modify starch biosynthesis in plants, in order to obtain starch 
polymers with innovative functional properties: knocking out 
biosynthetic enzymes through selection of mutations; pulling 
down biosynthetic enzyme expression by mutations or by 
directing antisense RNA against them; or expressing heterologous 
genes related or unrelated to the biosynthetic pathway [5].  
Mutation of the locus that encodes the granule-bound starch 
synthase (GBSS1) creates a starch with no AM. These waxy 
starches, high in AP gelatinizes easily, yielding clear pastes. On 
the other hand, high-AM starches are also of great interest as 
they have a high gelling strength. This phenotype is caused by a 
mutation in the gene that encodes the starch-branching 
enzyme (SBE) IIb, which is also known as “amylose extender” [15].

The antisense inhibition of the gene that encodes the 
a-glucan water dikinase (GWD) (the enzyme which causes the 
incorporation of phosphate groups into starch) results in a 
starch that has low phosphate content and viscosity [5, 10].

Introduction
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5.1.1.2  Starches: From Granules to Novel Applications

Starch is the most abundant storage reserve of carbohydrates 
in plants. It is found in many different plant organs, including 
seed, fruits, tubers and roots. This natural material is an edible 
food substance and is considered as non-toxic and non-irritant. 
Moreover, starch is also biocompatible, biodegradable, and 
inexpensive [10, 16–18].

Due to these advantages, starch is widely used: in the food 
industry as an ingredient, emulsifier, gelling, thickener and 
encapsulating agent; as a source of energy (after its conversion 
to ethanol); in the paper industry, as adhesive and coating agent; 
in the textile industry, as printing thickener and a warp sizing 
agent; and in the pharmaceuticals industry, where is used as a 
binder, diluent, and disintegrant [1, 2, 17–19]. However, one 
potential highly attractive application remains to be explored: its 
use in topical drug delivery systems. In the dermatological area, 
generic raw materials requirements include skin compatibility 
and skin protection, efficacy, sensory properties and environmental 
compatibility [20].

Skin: The epidermal barrier

The skin is an important part of the integumentary system, as it 
protects the body from external damage. Skin performs several 
functions, such as acting as a sensorial organ, promoting the 
body thermoregulation, allowing the excretion of substances, 
producing vitamin D (endocrine functions), promoting physical, 
chemical and immunological defense and protecting against 
dehydration, UV radiation and external pathogens [21–24].

The skin can be divided in three main layers (Fig. 5.3): 
(i) the more external being the epidermis constituted by 
keratinocytes, melanocytes, Langerhans cells, and Merkel cells, 
among others; (ii) the middle layer, the dermis, which is mainly 
composed of the fibrillary structural protein collagen and contains 
capillaries, sebaceous and sweat glands, hair follicles and nerves; 
and (iii) finally, the hypodermis, the most internal layer and 
constituted by adipose tissue [22, 24–28]. The epidermis has a 
multilayer structure consisting of basal, spinous, and granular 
cell layers. Each layer is defined by position, shape, morphology, 
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composition and state of differentiation of keratinocytes. The 
last stage of the keratinocyte differentiation is associated with 
deep changes in their structure, resulting in their transformation 
into physically and chemically resistant squamous cells, called 
corneocytes—these cells make the uppermost layer of the 
epidermis, called stratum corneum (SC). The SC is the layer that 
controls absorption, constituting a barrier to the delivery of 
many molecules at therapeutic level [23, 25, 29, 30].

Figure 5.3	 Skin structure (adapted from [22]).

Stratum corneum properties are based on the special content 
and composition of its lipids, the structural arrangement of the 
intercellular lipid matrix and the lipid envelope surrounding 
the cells in the SC. The lipids form bi-layers surrounding the 
corneocytes, producing a “brick-and-mortar” model, the bricks, 
being the corneocytes packed with keratin, and the intercellular 
lipids acting as the mortar. These intercellular lipids are mainly 
ceramides and free fatty acids, but also cholesterol, cholesteryl 
ester, and a small fraction of cholesterol sulfate [25, 29, 31, 32].

Molecules can penetrate into the skin using one of the 
following ways: intercellular route, transcellular route or 
appendageal route (Fig. 5.4). The latter is the least significant 
mechanism since it takes place through the eccrine glands 

Introduction
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or hair follicles, and since both represent a low surface area 
(only 0.1% of the total surface area of human skin). Nonetheless, 
drug delivery by this route may be important for permeation 
of slowly diffusing compounds and very high molecular weight 
substances (nanoparticles, for instance). In the transcellular route, 
the molecule crosses through the cells. Finally, the intercellular 
route is the longest pathway, but also the most predominant, 
in which the molecules passes by the intercellular spaces [21, 25, 
27, 30, 32, 34].

Figure 5.4	 Possible transport pathways through the stratum corneum 
(adapted from [33]).

As such, drug delivery through skin may pose some difficulties 
due to its tortuous route, problematic sequential diffusion and 
partitioning between the polar head groups and the alkyl chains of 
the intercellular bilayers of lipids [27, 30]. Figure 5.5 summarizes 
some strategies to overcome the SC barrier [32, 35–37]. In most 
cases, an association of multiple strategies is used in order to 
assure the dermal and/or transdermal drug delivery.



183

Fi
gu

re
 5

.5
	

So
m

e 
m

et
ho

ds
 fo

r o
pt

im
iz

in
g 

tr
an

sd
er

m
al

 d
ru

g 
de

liv
er

y 
(a

da
pt

ed
 fr

om
 [3

2,
 3

5–
37

])
.

Introduction



184 Novel Starch-Derived Topical Delivery Systems

Other factors, besides penetration mechanisms, can influence 
the molecular permeation, such as: skin temperature and 
peripheral circulation (higher temperature increases penetration 
due to vasodilation), condition of the skin (normal, abraded or 
diseased), area of application, contact time and frequency of 
re-application, moisturizing level of the skin, pre-treatment of the 
skin, physical properties of the penetrating substance (solubility, 
molecular size, particle size, crystalline form, volatility, polarity, 
ionization, partition), vehicle and the penetrating substance- 
vehicle relationship [21, 27, 38].

The permeation flux (  J ) of a substance through the SC can be 
described by Fick’s first law of diffusion:

	
m s, m v

s, v

=   ×   
D c c

J 
L c 	

(5.1)

In Eq. 5.1, Dm represents the diffusion coefficient of the substance 
in the skin membrane, cs,m its solubility in the membrane, L 
the diffusion path length across the skin, cv the concentration 
of the substance dissolved in the vehicle and cs,v the solubility 
of the substance in the vehicle. Therefore, at least three 
permeation strategies can be postulated based on Fick’s first 
law of diffusion: (i) to increase the diffusion coefficient of the 
drug; (ii) to increase the substance partitioning into the skin; 
and (iii) to increase the saturation level of the substance in the 
vehicle. The first two strategies require an effect of the vehicle 
on the barrier function of the SC, whereas the last one is based 
on vehicle-drug interaction [21, 25].

These permeation strategies can be achieved with chemical 
penetration enhancers acting within the skin. The ideal 
enhancer should be non-toxic, non-irritating and non-allergic; 
appropriate for formulation into diverse topical forms and 
compatible with other excipients and drugs; and cosmetically 
acceptable [36, 39, 40].

The diffusion coefficient can be increased by disordering 
the lipids of the SC. Among the chemical compounds commonly 
used to achieve this goal are fatty acids, namely oleic acid, azone, 
a cyclic amide, sulfoxides (e.g., DMSO), terpenes, surfactants, and 
alcohols. These compounds have shown to induce phase separation 
in the SC lipid domains, creating a lipid disorder and, reducing 
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barrier function, resulting in a reduced diffusional resistance of 
the skin [25, 30, 35, 40, 41].

Other chemical enhancers act by increasing the substance 
solubility in the skin, being of special interest in the delivery 
of hydrophobic drugs. Examples of this type of agents are 
propylene glycol, ethanol, diethylene glycol monoethyl ether, and 
N-methyl pyrrolidone. These solvents penetrate the SC and 
change its properties by altering the chemical environment, thus 
increasing the partitioning of a second substance into the skin 
[25, 30, 32, 35, 36].

Finally, the saturation level can be enhanced by increasing 
the substance concentration in the vehicle or by decreasing the 
solubility of the substance in the vehicle, both resulting in an 
enhanced thermodynamic activity and in an increased skin 
permeation [40]. One way to achieve this, can be through 
supersaturation, where a high chemical potential, however 
thermodynamically unstable solution is produced [21, 27].

The perfect chemical enhancer has yet to be discovered and 
the existing ones are often associated with skin irritation, 
representing a disadvantage [32]. Additionally, synergy and 
combinations of chemical enhancers may offer some opportunities 
in transdermal formulations [39].

Another approach to drug dermal delivery of drugs is the use 
of prodrugs. In this case, physical modification of the drug 
facilitates drug permeation, i.e. by addition of a cleavable chemical 
group for example [39, 42]. From Fick’s first law of diffusion, one 
can deduce the ideal properties of a penetrating skin molecule: 
low molecular weight, adequate solubility in oil and water 
(optimal partition coefficient), and high concentration of the 
substance in the vehicle [35].

General ointments, creams, lotions, gels, and nanoparticulate 
carriers are the preferred vehicles for dermatological therapy, 
since they remain in situ and deliver the drug over extended 
periods of time [43].

In addition, to the chemical enhancers and vehicles mentioned 
above, there are also physical methods for enhancing skin 
permeation, such as iontophoresis, non-cavitational ultrasound, 
electroporation, cavitation ultrasound, microneedles, thermal 
ablation, and microdermabrasion [43].

Topical Delivery Systems
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The main advantages of topical drug delivery systems are 
the extended duration of action and, consequently the reduction 
of dosing frequency. Furthermore, topical drug delivery is useful 
protection tool for potent drugs as it provides a reduction of 
systemic adverse effects [44]. Finally, it also allows a reduced 
drug dose due to the shortened metabolization pathway of the 
transdermal route versus the gastrointestinal pathway, which 
increases the overall bioavailability of the drug [45].

5.2  Topical Delivery Systems

Delivery systems for topical drug therapy aim to produce the 
desired therapeutic effect at specific sites in the epidermal tissue. 
Many studies have been performed to investigate the effect of 
topical dosage forms on dermal and transdermal drug delivery. 
Semisolid formulations, such as creams, gels and lotions, are 
the preferred pharmaceutical vehicles for topical therapy due to 
the fact that they remain in situ and, in general, provide an 
extended release of the drug. More recently, nanoparticulate 
carriers have been recognized as alternative topical delivery 
systems, due to their small size and larger superficial area which 
increases skin drug uptake [43].

Starch can be a valuable ingredient when formulating semisolid 
vehicles. Waxy starches, which are poor in AM, gelatinize easily, 
producing clear pastes that will not be a gel. Hydrophobic modified 
starches can be used as a stabilizer and thickener. On the contrary, 
starches with high level of phosphate, for instance potato starch, 
have higher swelling power and stable-paste properties [10]. 

5.2.1  Conventional Topical Delivery Systems

5.2.1.1  Emulsions

Emulsions are heterogeneous systems composed of two immiscible 
liquids, one of which is uniformly dispersed as fine droplets 
throughout the other. These systems are thermodynamically 
unstable and their study and development is one of the most 
difficult and complex subjects in the pharmaceutical field [46]. 
Nevertheless, emulsions, in the form of creams, lotions, or foams, 
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are extensively used due to their therapeutic properties and 
as vehicles to deliver drugs and cosmetic agents through the 
skin. Furthermore, these dosage forms facilitate drug permeation 
into and through the skin by their occlusive effects and/or by the 
incorporation of penetration-enhancing molecules.

Current pharmaceutical emulsions are most commonly 
stabilized by synthetic surfactants, which can be toxic or may 
alter the pharmacokinetics of co-administered drugs [47]. 
Consequently, solid-stabilized emulsions, also called Pickering 
emulsions,� may be regarded as an interesting strategy to 
encapsulate drugs in pharmaceutical formulations [48, 49]. 
Pickering emulsions are emulsions stabilized by solid particles 
instead of classic emulsifiers (Fig. 5.6) [50]. Many solid particles 
can be used in Pickering emulsions and they can be organic, 
such as polymer latex or starch, or inorganic, such as silica and 
clay particles [18, 51]. The stabilization of emulsion droplets 
by solid particles is possible due to their dual wettability. This 
phenomenon enables the spontaneous accumulation of particles 
at the oil–water interface and stabilizes it against coalescence 
by volume exclusion and steric hindrances [17, 52].

Figure 5.6	 Surfactant-based emulsion (left) and a Pickering emulsion 
(right).

In this type of emulsions, one of the liquids will wet the 
solid particle more than the other, as the poorest wetting liquid 
becoming the disperse phase. The importance of the wettability 
�This type of emulsion was named after S.U. Pickering, who described the 
phenomenon in 1907 [50].

Topical Delivery Systems
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of the particles at the oil–water interface is quantified by the 
contact angle (q) that the particle makes with it, which in turn 
will determine the type of emulsion. If q, measured through the 
aqueous phase, is smaller than 90°, the emulsion will be o/w 
(oil in water) and, by contrast, if q is greater than 90°, the 
emulsion will be w/o (water in oil) [49, 53, 54].

The effectiveness of the solid in stabilizing emulsions will 
depend on the particle size, particle shape, particle concentration, 
particle wettability, and the interactions between particles [17, 53]. 

Since this type of emulsions is free of emulsifiers, it can 
avoid some adverse effects often linked to surfactants, like skin 
irritation, making Pickering emulsions very attractive for many 
application fields, in particular cosmetic and pharmaceutical 
[50, 53].

This promising approach has already been studied by some 
authors (Table 5.2). Wille et al. [55] developed an o/w Pickering 
microemulsion using a vegetable oil mix (hydrogenated cotton 
seed oil, soybean oil and coconut oil), corn starch, glycerol and 
cationic surfactants, one of which is benzalkonium chloride 
(BKC), an antimicrobial agent. The lotion proved itself to form 
an occlusive barrier to water loss and have a skin moisturizing 
effect, thus enhancing skin hydration. When submitted to a 
human repeat insult patch test (HRIPT), the lotion, being 
hypoallergenic, had no potential for inducing dermal irritation or 
sensitization. This lotion achieved 6 months stability with good 
antimicrobial action, where the BKC was slowly release upon 
skin application. This longer stability when compared to others 
authors’ studies is explained by the addition of distearyldimonium 
chloride (DMDC), a cationic surfactant used as a rheological 
modifier. This study reinforces the skin compatibility of starch in 
topical emulsions.

Avoiding chemical surfactants, Marku et al. [53] developed 
an o/w Pickering emulsion, using an octenyl succinic anhydride 
modified quinoa starch (OSA) and obtained an emulsion with 
suitable properties for topical application: homogenous white- 
creamy appearance, high permeability, and stability (8 weeks). 
During the phase studies, it was observed that no stable emulsion 
was possible to form at oil concentrations superior to 70% and 
that, creaming systems were obtained when the oil concentration 
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was inferior to 41%. The increase in starch to oil ratio gave a 
lower average droplet size and a narrower droplet size 
distribution. Regarding the three types of oils studied, 
caprylic/capric triglycerides (Miglyol® 812) and liquid paraffin 
(LP) provided creams with similar properties (rheological 
properties and droplet size), while the sheanut oil (a solid fat) 
showed a higher mean droplet size and higher viscosity and 
yield stress. Texture and cosmetic properties of the creams 
were evaluated by a small panel of volunteers and, as result, the 
difference between the liquid oils and the solid fat was seen: 
Miglyol® 812 and LP creams were assessed as watery and 
slippery, while sheanut oil cream showed better permeability, but 
it was thicker, stickier, and glossier and left residues on the skin. 
The in vitro skin permeation tests showed a steady-state flux of 
approximately 8.0 μg/(cm2/h) for all emulsions. When compared 
to the buffer experiments, where the flux was 4.2 μg/(cm2/h), 
it was possible to conclude that the emulsion system increased 
the permeation into the skin.

The versatility of starch for stabilizing emulsion can be seen 
in the study performed by Matos et al. [17], where OSA was 
also used in the development of a double w/o/w (water-in-oil- 
in-water) Pickering emulsion. To the inner water phase was added 
sodium chloride (NaCl) and the continuous oil phase consisted 
of Miglyol® 812 and of a lipophilic surfactant: polyglycerol 
polyricinoleate 90 (PGPR 90). In the outer aqueous phase was 
added a sodium phosphate buffer, since it has showed to enhance 
the oil droplets separation. With the addition of PGPR 90, a 
decreased mean droplet size was possible to obtain and a higher 
viscosity of the oil phase, which resulted in a less pronounced 
sedimentation of the inner aqueous phase. This double emulsion 
showed high encapsulation efficiency (around 98.6%) and high 
encapsulation stability (91.1–95.2% after 3 weeks of study), 
confirming the high chemical stability of this double Pickering 
emulsion.

Concerning emulsions, it is possible to conclude that starch 
is a very versatile excipient. Its use in pharmaceutics can produce 
nature-friendly products with suitable and interesting cosmetic 
properties.
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5.2.1.2  Gels

Gels can be defined as a semisolid system consisting of a 
dispersion made up of either small inorganic particle or large 
organic molecule enclosing and interpenetrated by liquid, forming 
a three-dimensional interlaced network structure that provides 
solid-like properties [43, 56]. The European Pharmacopeia (Ph. 
Eur.) discriminates two types of gels: lipophilic gels (oleogels) 
and hydrophilic gels (hydrogels) [57].

Gels, as a topical dosage form, have the main advantage of 
allowing the drug to be absorbed directly at a specific site and 
avoiding the first-pass metabolism at the liver, offering a great 
advantage when compared to other delivery systems. Therefore, 
the therapeutic effects of the drugs are achieved effectively and 
the systemic side effects are minimized or avoided. Examples 
of drugs commonly delivered in gels include non-steroidal anti-
inflammatory drugs (NSAIDs), antibacterial, antifungal and 
antihistaminic agents. The drug release from a gel preparation 
occurs by diffusion of the drug molecules through the gel 
network or by erosion or dissolution of the gel texture at the 
interface [58].

The formulation of an effective gel requires the use of an 
appropriate gelling agent, usually a polymer which can be 
synthetic (e.g., carbomers or carboxyvinyl polymer), semisynthetic 
(e.g., methylcellulose, carboxymethylcellulose (CMC) or 
hydroxyethylcellulose) or natural (e.g., gums or starches) [43]. 
The main characteristics of such polymer include the inertness, 
safety, biocompatibility with other ingredients, appropriate 
adhesion to the skin, allowance of drug permeation, irritation-free 
and biodegradability. When in formulation, the polymer presents 
swelling and rheological properties suitable for solidifying or 
stiffening the system [58]. Lately, natural polymers for topical 
gels have been reported, such as carrageenan, xanthan gum, 
chitosan, and several starches.

Starch gelatinization is a process that by dissociation the 
double-helices and loss of the “Maltese cross” transforms starch 
from an ordered semicrystalline state to an amorphous one. 
Starch gelatinization is normally achieved by heating starch 
above a certain temperature, the “gelatinization temperature” 
(Table 5.3), in the presence of water or other plasticizers (e.g., 
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glycerol, ethylene glycol, and 1,4-butanediol) (Fig. 5.7), or 
using alkaline solutions (e.g., sodium hydroxide and potassium 
hydroxide), neutral salt solutions (e.g., calcium chloride and 
lithium chloride), and solvents as dimethyl sulfoxide (DMSO) 
[8, 19, 59]. Wheat starch has the lowest gelatinization temperature, 
followed by potato, cassava, and maize starches. Regular rice 
starches show a high variation in gelatinization temperature, 
which can in part be attributed to their high variation of AM 
content [59]. After gelatinization, the amorphous starch readily 
absorbs water and develops viscosity to form a paste. Upon 
cooling, some starch pastes can create gels. The difference 
between starch paste and gel lies in that starch paste possesses 
a certain fluidity, whereas starch gel does not, owing to its 
defined shape [60].

Table 5.3	 Gelatinization properties of native starches (adapted from 
[60])

Type To(°C) Tp(°C) Tc (°C) Range (°C) D H (J/g)

Normal maize 64.1 ± 0.2 69.4 ± 0.1 74.9 ± 0.6 10.8 12.3 ± 0.0

Waxy maize 64.2 ± 0.2 69.2 ± 0.0 74.2 ± 0.4 10.4 15.4 ± 0.2

Normal rice 70.3 ± 0.2 76.2 ± 0.0 80.2 ± 0.0 9.9 13.2 ± 0.6

Waxy rice 56.9 ± 0.3 63.2 ± 0.3 70.3 ± 0.7 13.4 15.4 ± 0.2

Sweet rice 58.6 ± 0.2 64.7 ± 0.0 71.4 ± 0.5 12.8 13.4 ± 0.6

Wheat 57.1 ± 0.3 61.6 ± 0.2 66.2 ± 0.3 9.1 10.7 ± 0.2

Barley 56.3 ± 0.0 59.5 ± 0.0 62.9 ± 0.1 6.6 10.0 ± 0.3

Mung bean 60.0 ± 0.4 65.3 ± 0.4 71.5 ± 0.4 11.5 11.4 ± 0.5

Chinese taro 67.3 ± 0.1 72.9 ± 0.1 79.8 ± 0.2 12.5 15.0 ± 0.5

Tapioca 64.3 ± 0.1 68.3 ± 0.2 74.4 ± 0.1 10.1 14.7 ± 0.7

Potato 58.2 ± 0.1 62.6 ± 0.1 67.7 ± 0.1 9.5 15.8 ± 0.4

Green leaf canna 59.3 ± 0.3 65.4 ± 0.4 80.3 ± 0.3 21.0 15.5 ± 0.4

Lotus root 60.6 ± 0.0 66.2 ± 0.0 71.1 ± 0.2 10.5 13.5 ± 0.1

Green banana 68.6 ± 0.2 72.0 ± 0.2 76.1 ± 0.4 7.5 17.2 ± 0.1

Water chestnut 58.7 ± 05 70.1 ± 0.1 82.2 ± 0.2 24.1 13.6 ± 0.5

To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; range 
of gelatinization: Tc–To; DH: enthalpy change.
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Figure 5.7	 Mechanism of starch-based gel formation.

Amylose content, relative crystallinity, AP chain length 
distribution, and phosphorus content affect the gelatinization 
behavior of starches [59, 61, 62]. Short AP chains (DP < 14) prevent 
crystalline order, whereas longer chains (DP > 18) produce more 
stable crystals. Consequently, increased levels of longer chains 
shift gelatinization to higher temperatures, whereas short chains 
decrease the gelatinization temperatures [59, 61]. In potato 
and cassava starches, it was showed that increased crystallinity 
and increased AM content resulted in higher DH values [61]. 
Other studies on potato starch showed that at high level of AM 
content, higher phosphorus content, enhanced re-crystallization 
of AP during retrogradation of starch gel, associated with a 
well-formed gel structure and more ordered molecules in the 
gel, producing a more structured gel [62].

The use of starch gels for topical delivery of pharmaceutical 
drugs reports back to the 1900s when El-Khordagui et al. [63] 
studied the physicochemical properties of a maize starch gel, 
using riboflavin as a model drug. A clear gel was obtained with a 
suitable swelling ability. Riboflavin showed diffusion-controlled 
release kinetics, influenced mainly by initial loading levels 
and starch concentration. This was one of the first reported 
evidence that starch has the ability to produce gels with adequate 
properties for topical vehiculation of drugs.

More recently, Pal et al. [64] formulated a corn starch hydrogel 
with salicylic acid to protect injured skin and keep the wound 
surface appropriately moist to increase the healing process. The 
resulting hydrogel membrane had a tensile strength of 35.92 ± 
1.87 mPa, a value similar to the failure strength of skin, meaning 
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that this hydrogel membrane can have a potential application as 
artificial skin, giving a cushioning effect to the wound. Regarding 
the drug release, salicylic acid presented a diffusion coefficient 
through the gel of 4.1 × 10–6 cm2s–1, delivering the drug directly 
to the site of action.

Kittipongtana et al. [65] on their studies formulated a clear 
sodium carboxymethyl mung bean starch gel for the topical 
delivery of ibuprofen, confirmed its clearness by the very low 
absorption at UV 700 nm (A < 0.10). The starch gel presented 
high viscosity and acceptable spreadability, sticking well onto 
the skin. The gel was subject to satisfaction evaluation in human 
volunteers. Statistical analysis showed that the factors significantly 
affecting satisfaction were the spreading of gel base and the ease 
of rubbing, as such these properties are the ones to improve, in 
order to maximize end user satisfaction. The gel also received 
high score on grittiness and disappearance after applying. Texture 
and skin irritation were also evaluated through volunteer’s 
opinion. Despite the lack of safety and effectiveness tests, the 
subjective test performed on volunteers testified for the starch 
gel satisfactory macroscopic and organoleptic properties.

In another study, Kittipongtana et al. [58] prepared a 
carboxymethyl mung bean starch gel that showed a shear thinning 
flow with thixotropy behavior, suggesting adequate spreadability. 
Concerning the organoleptic characteristics, the gel had a good 
macroscopic appearance, tackles, greaseless and easily washable. 
Piroxicam was used as a model drug and a controlled release 
was observed, however, the amount of piroxicam released was 
low (<5%). In addition, they also tested the stability of the gel 
production and concluded that it remained stable after 2 months 
of storage at room temperature.

Nazim et al. [66] investigated the use of a potato starch gel as 
a topical vehicle for rofecoxib, a NSAID, with the purpose to avoid 
the gastrointestinal disorders often associated with oral 
administration of these drugs. The physical appearance of the 
gels was found to be white opaque to white translucent with 
good homogeneity. By testing different concentrations of potato 
starch (5–15%), they concluded that higher concentrations of 
starch give slightly higher pHs and reduce gel spreadability by 
increasing viscosity. The rofecoxib release was 16.65% and 
16.39% for 5% (w/w) and 10% (w/w) potato starch, respectively. 
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This difference can be attributed to the higher viscosity of gels 
containing more starch. These formulations were stable up to 
24 weeks.

Gabriel et al. [67] studied the use of modified Enset� and 
cassava starches as gelling agents. Translucent gels with good 
and smooth homogeneous appearance were obtained, with pH 
values ranging from 6.8–7.2, within physiologically accepted pH. 
The formulations with lower starch concentration presented 
better extrudability and higher spreadability. The release studies 
conducted using ibuprofen demonstrated that the cumulative 
percentage of drug released over 12 h ranged from 43.8% to 
84.5%. The release profiles exhibited a burst effect in the first 
hour followed by a sustained and controlled release profile. 
The authors concluded that the nature of the modified starches 
influenced the rheological properties (spreadability and 
extrudability) and the release properties (cumulative release and 
diffusion coefficient). The modified release of the drug can be 
of valuable advantage, when delivering drugs such as, analgesics 
or anti-inflammatories, providing extended drug action.

Nazim et al. [56] conducted another work where a clotrimazole 
starch gel was developed. This antifungal gel presented good 
mechanical and macroscopic properties. It was easily washable 
and had no greasiness. The rheological parameters, with a 
viscosity of 6.9 × 103 mPa . s and a spreadability of 2.6 cm, were 
suitable for topical application and the pH of 6.96 assured skin 
compatibility. In vitro drug release was 85% during 6 h. Stability 
studies were carried for a period of 3 months according to ICH 
guidelines and all parameters maintained within the specifications 
during the period of storage.

As summarized in Table 5.4, it is possible to conclude that a 
lot of investigation on starch gels has been done and continuous 
advances on the subject have been achieved. The starch on these 
gels helps forming a strong and stable matrix due to the AP and 
AM presence, providing a controlled and sustaining drug release. 
This slower release, in addition to the starch biocompatibility, 
is what makes starch gels an attractive delivery system for the 
pharmaceuticals industry.

�Ensete ventricosum, Musaceae is starch-rich staple food widely used in the southern 
and south-western regions of Ethiopia and closely related to the banana tree, but 
does not produce banana. Enset is often referred as “false banana” [67].
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5.2.1.3  Starch in Personal Care: A Multifunctional Ingredient

Not only starch is edible, but it has also a huge potential on the 
creation of innovative and skin-friendly cosmetics. Starch, due to 
its high derma-compatibility and unique properties, is used in 
cosmetic products for all skin types and, specially, for sensitive 
skin.

Personal care starches range from basic unmodified starches 
for body powders to very specific and innovative starches for 
gels, films, and other unique applications.

Peigen et al. [68] proposed to explore new starch resource 
for the cosmetics industry. The plants Paeonia suffruticosa Andr., 
Paeonia lactiflora Pall., and Curcuma phaeocaulis Val. were 
explored and the studies indicated different moisture, fat and 
protein contents, as well as high water binding capacity and 
clarity, bringing forward high potential application in the 
cosmetics industry.

Other researchers extracted an innovative and cost-effective 
native starch from sago. The sago starch, a fine and white powder, 
was added in perfumed and cool body powders and demonstrated 
to provide the required physicochemical properties and acceptable 
levels of specific properties according to Thai Industrial Standards 
(TIS 443–2525—Skin Powders properties—i.e., slip, covering 
power, adhesiveness, absorbency, bloom, and spreading power), 
without causing skin irritation. Sago starch-containing body 
powders showed good results of users’ satisfaction, evidencing to 
be an excellent ingredient for skin care and one of the best 
applications to exploit endemic plants [69].

Also, an interesting work of extraction of starch from Okenia 
hypogaea, which belongs to the family of the Nyctaginaceae, 
was performed by Solorza-Feriaa et al., and the results obtained 
suggested that Okenia starch could be used as a cosmetic raw 
material, due to the fact that starches with small size granules 
have a high adsorbent capacity, making it suitable to regulate 
the oily and shiny appearance of skin, or could also be used as 
carriers, because it can adsorb substances such as colorants and 
perfumes [70].

Modified starches, namely, thermally inhibited starches are 
also used in cosmetic compositions, such as skin and hair care 
products as emulsifier, thickener, and aesthetic control agent [71].
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In the cosmetics industry, starch is used in skin and hair care 
products where it can substitute the silicone oils. Concerning 
hair care products, the advantage of starch in this type of product 
consists in simpler formulation technology and improved care 
performance with regard to volume of the hair, due to the absence 
of depot-forming effects, as typical of silicone oils. Albrecht et al. 
[72] formulated a hair shampoo with pregelatinized cross-linked 
starch derivatives in a concentration of 0.2% to 10% (w/w), and 
concluded that shampoos with starch derivatives can improve 
the volume, shine, and after-feel of hair.

McCuag [73] also used the unique properties of starch to 
develop a long life deodorant, using starch treated with N-
alkanoyl amino acid, as a substitute for talc in a composition, 
comprising also citric acid. The starch improved the spreadability 
and the organoleptic characteristics of the product, once it gives 
a smooth and silky after-feel.

Starch can also function as an oil control agent, as described 
by McCook et al. [74] when developing formulations for topical 
treatment for oily skin. Biedermann et al. [75] have also referred 
to this property of starch in their work on skin care products 
for regulating the oily and shiny appearance of skin.

Formulations containing natural polymer hydrophobically 
modified starch-based have been studied for their sensory 
modifier quality. Polonka et al. [76] studied a method for making 
a sensory modifier comprising a polysaccharide carbohydrate rich 
in AM, such as waxy corn starch or tapioca starch. After treatment 
with an anhydrous solvent (for example, dipropylene glycol, 
polyethylene glycol and/or diglycerine), the combined starch and 
solvent mixture was heated to a temperature from 70 to 80°C 
for 1.5 to 4.5 h. The sensory modifiers prepared by this method 
yielded no gelation in a 70% water formulation and present 
very desirable sensory benefits. Chorilli et al. [77] evaluated the 
volunteers’ acceptance of a sunscreen formulation containing 
aluminum starch octenylsuccinate, compared with a control 
formulation (without polymer), and determined that the sensory 
modifier starch added to the formulation was able to promote 
softness and velvet feel to the sunscreen and it was able to 
mitigate and noticeably reduce the oiliness of the skin. In addition, 
the starch showed a soft and dry after-feel, while also improving 
the spreadability of the product.

Topical Delivery Systems
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Further to these applications of modified starch in cosmetic, 
Guth et al. [78] reported that the addition of 5% aluminum starch 
octenylsuccinate can enhance sun protection factor (SPF) of a 
titanium dioxide formulation by 40% (w/w) [79]. Martino et al. 
[80] described the use of 0.5–30% (w/w) starch as a sunscreen 
agent, providing protection against ultraviolet radiation (UV) A 
and B. The starch can be used alone in these formulations, in 
mixtures or in combination with other known UVA or UVB filters 
to provide several SPF values (Fig. 5.8).

Figure 5.8	 Mechanism of action of sunscreens/solid particles with UV 
radiation.

Personal care products have traditionally been sold as semi-
solid or liquid dosage forms. These cosmetics normally include 
a considerable amount of water in the formula. However, due to 
the water content in cosmetics, the inclusion of lipophilic active 
ingredients is limited to either the solubilization or emulsification 
within aqueous phase. As a result, Gott et al. [81] described a 
successful application of a modified starch in another category of 
cosmetic products. The concept was to develop a multifaceted 
starch-based solid cosmetic product, especially foamed solids. 
When immersed in water, the foamed starch rapidly dissolves, 
releasing the active cosmetic agent or the perfume, which can 
then deposit or treat human skin or hair. 

The same authors proved that a perfume is perceived with 
greater intensity when added to a modified starch rather than 
one incorporated into an unmodified type of starch. The selected 
starch was a destructurized starch, which is generated under 
certain conditions of temperature, pressure, shear, limited water, 
and sufficient time. Other authors [82] developed a starch-based 
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porous dissolvable solid substrate in the form of a unit dose 
personal care product. This cosmetic can be conveniently and 
quickly dissolved in the palm of the consumer’s hand to reconstitute 
a semi-solid or a liquid cosmetic, for a suitable application on 
the skin or the hair, respectively, while efficiently deliver lipophilic 
active ingredients, during consumer usage.

Thus, depending on the application, the level of starch 
added can range from 1–100%. These results demonstrated that 
starch is a multifaceted, alternative, and eco-friendly ingredient, 
compatible with a wide variety of other personal care ingredients. 

5.2.2  Non-Conventional Topical Delivery Systems

5.2.2.1  Polymeric Nanoparticles

Polymeric nanoparticles (particle size between 1 and 1000 nm) 
can be classified as nanospheres or nanocapsules. Nanospheres 
are solid-core structures and nanocapsules are hollow-core 
structures, as schematized in Fig. 5.9 [44, 83, 84]. Thus, 
nanocapsules differ from nanospheres for being a reservoir type 
of system, while nanospheres are a polymeric matrix system. The 
core acts as a reservoir for drugs or active substances, or several, 
which can be dissolved or dispersed. In addition, the core itself 
can have biological activity or effects (octylmethocinnamate is a UV 
chemical sunscreen; turmeric oil has antibacterial, antifungal, and 
antioxidant properties, among others). It is usually composed of 
triglycerides, an active ingredient, and other chemical substances, 
such as capric/caprylic triglycerides and sorbitan monostearate 
or vegetable oils and sorbitan monostearate [85]. On the other 
hand, surface is directly related to the nature of the polymer, 
natural or synthetic (ideally non-toxic and biodegradable) and 
the surfactants used. Usually, synthetic polymers make more 
reproducible and purer formulations [85–87].

Polymeric nanoparticles can be classified as ionic (anionic 
or cationic) or non-ionic (presence or absence of charge on their 
surfaces). The presence of charge can increase the hydration 
forces at the surface of the nanocapsules, supporting repulsion 
among the particles in suspension and reducing aggregation. 
On the other hand, non-ionic nanocapsules have a great 
physicochemical compatibility with other ingredients of dosage 
forms [85].

Topical Delivery Systems
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Figure 5.9	 Schematic representation of nanospheres and nanocapsules 
(adapted from [88]).

These nanocarriers can be useful as reservoirs or matrixes 
for lipophilic or hydrophilic drugs, delivering them in the SC. 
The use of polymeric materials for encapsulating drugs or other 
active substances is an important approach to cover the physical 
and chemical intrinsic properties of substances. The skin 
penetration and transport seem to be largely dependent on the 
chemical composition of ingredients, encapsulation mechanism 
(that will influence the drug release mechanism), the nanoparticles’ 
size and formulations’ viscosity [85, 89].

The active ingredient in nanocapsules and nanospheres can 
be incorporated in different patterns: dissolved in the nanosphere 
matrix, adsorbed at the nanosphere surface, dissolved in the 
liquid-phase nanocapsules and adsorbed at the nanocapsules 
surface (Fig. 5.10) [90, 91]. 

Nanoparticles preparation techniques are based on their 
physicochemical properties. They are made by emulsification- 
diffusion by solvent displacement, emulsification-polymerization, 
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in situ-polymerization (interfacial polymerization), gelation 
(cross-linking), nanoprecipitation (solvent displacement), solvent 
evaporation/extraction, inverse salting out, dispersion polym-
erization and other techniques derived from these ones [44, 83]. 
Drug loading into the nanoparticles can be achieved essentially 
by two methods: either by incorporating the drug at the time of 
the nanoparticle production, or by adsorbing the drug after 
nanoparticle formation, upon incubation in a drug solution. The 
capacity of adsorption is related to the hydrophobicity of the 
polymer and the superficial area of the nanoparticles, when 
comparing the two methods, which it can be possible to 
conclude that a larger amount of drug can be entrapped using 
the incorporation method rather than the adsorption one [92].

Polymer
+ drug

nano-formulation
by various methods

nanocapsule

nanosphere

entrapped drugs

surface adsorbed
drugs

entrapped drugs

surface adsorbed
drugs

Figure 5.10	 Different mechanisms of drug incorporation into polymeric 
nanoparticles (adapted from [84, 88]).

The advantages and limitations of using nanocarriers 
arise from their peculiar features: small size, high surface 
energy, composition, and architecture, among others. However, 
comprehensive characterization, analytical evaluation, toxicological 
and pharmacological assessment are necessary to determine the 
efficacy of using these nanostructures as drug delivery systems 
[83]. Nonetheless, the use of well-known polysaccharides (for 
example, chitosan, alginate, starch, and so on) as drug vehicles 

Topical Delivery Systems
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has the additional benefit of the safety, toxicity and availability 
issues being substantially simplified [93]. Polymeric nanoparticles, 
for instance, starch nanoparticles, are an excellent option for 
topical delivery, because they can be tailor-made in different sizes 
and it is possible to modify surface polarity in order to improve 
skin penetration [44, 83]. Moreover, nanoparticle carriers made 
of bioadhesive materials, such as starch, can form an occlusive 
film and prolong the residence time, increasing the absorbance 
of the loaded drugs (Fig. 5.11) [93].

Figure 5.11	 Film formation associated with the occlusion effect of 
nanoparticles (adapted from [85]).

Santander-Ortega et al. [16] formulated nanocapsules using 
propyl-maize starch with high degree of substitution. A simple 
o/w emulsion diffusion technique was used to formulate the 
nanocapsules, therefore avoiding the use of hazardous solvents. 
The incorporation of polyvinyl alcohol (PVA) improved the 
nanocapsule hydrodynamic size distribution and a mono-modal 
size distribution was obtained. The drug encapsulation did not 
produce any intelligible change in the spherical shape or soft 
surface of the nanoparticles and did not alter their original mean 
size. The encapsulation efficiency was higher than 95% for 
flufenamic acid (FFA) and for testosterone and, higher than 80% 
for caffeine. Nanocapsules loaded with FFA and with testosterone 
showed a sustained release without any burst effect and a nearly 
linear profile in the in vitro release tests, while the nanocapsules 
loaded with caffeine showed a much faster release within the 
first 10 h before reaching a plateau phase (close to zero release 
kinetic). This difference in the release patterns might be explained 
by the more hydrophilic character of the caffeine. The analysis of 
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the drug permeation profiles, using Franz diffusion cells, suggested 
that for FFA the release from the starch nanoparticles was the 
rate-limiting factor, whereas for caffeine the skin barrier was the 
rate-limiting factor. Regarding testosterone, there was no effect 
of the nanoencapsulation on skin permeation since very similar 
permeation profiles were obtained with both, free and encapsulated 
drug. The high encapsulation efficiency of the nanocapsules in this 
study is of great importance, when demonstrating the advantages 
of polymeric starch nanoparticles for topical delivery of drugs.

In different studies, Saboktakin et al. [45] used modified 
carboxymethyl corn starch and hyperbranched 1,4-cis 
polybutadiene (1,4-PBD) as novel polymer matrix for transdermal 
drug delivery systems. The nanospheres showed a solid and 
consistent structure, with good spherical geometry. They presented 
a relatively broad size distribution, ranging from 40 to 100 nm. The 
incorporation of the drug clonidine into the nanospheres produced 
a smooth surface and compact structure, being the average drug 
entrapment 92.2 ± 0.1%. The primary mechanism for release of 
clonidine from the matrix system in vitro is swelling, diffusion 
and disintegration. In this research, clonidine showed a delayed 
release, only starting after 2 h. This delayed release profile 
reinforces the importance of starch nanoparticles for the drug 
retention onto the skin, providing a long lasting drug action.

More recently, El-Feky et al. [94] investigated the use of 
native maize starch in the production of nanospheres for the 
transdermal delivery of indomethacin (IND) and acyclovir (ACV), 
two poorly soluble drugs. The nanospheres were produced using 
the nanoprecipitation method and the loaded nanospheres were 
analyzed and characterized in what concerns mean particle size, 
potential zeta, entrapment efficiency and in vitro release. For 
the nanospheres loaded with 20 mg of IND, the mean particle 
diameter was 32.67 nm and showed a polydispersity index (PDI), 
an indicator of particle size distribution, 0.519, suggesting some 
heterogeneity. The zeta potential was –29.1 mV, which is sufficiently 
high to ensure physical stability, due to the electrostatic repulsion 
forces, avoiding aggregation. The nanospheres loaded with 50 mg 
of ACV showed a mean particle diameter of 15.69 nm with a PDI 
of 0.423. In what concerns to the surface charge, the ACV 
nanoparticles showed a zeta potential of –35.9 mV, indicating 
that the prepared nanospheres are stable for a long time. The 
entrapment efficiency was determined by a spectrophotometric 

Topical Delivery Systems
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method and was 63.72% for IND and 74.24% for ACV, where the 
smallest spheres are capable of entrapping more drug inside and 
in the outer sphere, due to the larger surface area. The in vitro 
release of IND showed an initial burst in the first 60 min, 
releasing 4.65% of the drug, followed by a more sustained release. 
On the other hand, in the ACV nanospheres, no initial burst was 
observed, suggesting that the ACV drug was not weakly adsorbed 
onto the nanosphere surface.

Finally, an interesting work of encapsulation of a NSAID resulted 
in suitable and cost-effective cross-linked starch nanospheres, 
for the transdermal delivery, using diclofenac sodium (DS) as a 
model drug. The nanocarrier is based on cross-linked starch 
nanospheres, which were synthesized using native starch. Cross-
linking was achieved by reacting sodium tripolyphosphate (STPP) 
at different concentrations and DS-loaded cross-linked starch 
nanospheres were synthesized according to the nanoprecipitation 
method in the presence of Tween® 80, as a surfactant. A two-
level factorial design was selected for the prediction of optimized 
formulation for DS-loaded cross-linked starch nanospheres. The 
resultant nanospheres were characterized using world-class 
facilities such as TEM, DLS, FTIR, XRD and DSC. The efficiency of 
DS loading was also evaluated by entrapment efficiency, as 
well as in vitro release and histopathological study on rat skin. 
The optimum nanoparticles formulation selected by the JMP® 
software was the formula that composed of 5% (w/w) maize 
starch, 0.058% (w/w) DS, 0.5% (w/w) STPP and 0.4% (w/w) 
Tween® 80, with particle diameter of about 21.04 nm, PDI of 0.2 
and zeta potential of −35.3 mV. It is also worth noting that this 
selected formula shows an average entrapment efficiency of 
95.01% and sustained DS release up to 6 h. Histophathological 
studies using the best formula on rat skin advocate the use of 
designed transdermal DS-loaded cross-linked starch nanospheres 
as it is safe and non-irritant to rat skin. The authors concluded 
that the starch nanospheres could be considered a good carrier for 
DS drug, regarding the enhancement in its controlled release and 
successful permeation, thus offering a promising nanoparticulate 
system for the transdermal delivery of NSAID [95].

The previously referred works are summarized in Table 5.5. 
Despite the fact that there are numerous proofs of nanoparticle use 
for topical drug delivery, starch nanoparticles remain little explored. 
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5.3  Conclusions

Properties of starch and its advantages as a pharmaceutical 
excipient are well studied, and it is widely used in the technology 
of oral formulations. Its use in topical formulations is emerging 
only now, mostly due to the consumers’ demand for natural 
products and to the industry quest for low cost excipients.

In what concerns starch emulsions, formulators went back in 
time and now are reinventing the Pickering emulsions. At present, 
none of the commercialized product uses this technology, but 
some patents have been submitted and some work is yet to be 
done: increasing the stability and reduced the aging problems 
of flocculation and coalescence. On the other hand, the use of 
starch in cosmetics is rising faster with its use in skin care and 
hair care products, due to starch ability to decrease oiliness, and 
in sunscreen products, due to the SPF-enhancing power of starch.

So far, starch gels have been the most investigated. Several 
studies using a model drug have proved their success in topical 
drug delivery, allied with good organoleptic appearance and 
skin feeling. The elevated gelatinization temperature of starch 
remains the limitative factor of these topical systems, requiring 
more energy in its preparation. In that line, modified starches 
have been intensively studied since they gelatinize at room 
temperature and they have great potential to solve this drawback.

Although the nanoparticles are the most recent trend in 
pharmaceutical technology, starch nanoparticles remain roughly 
unexplored. This represents a valuable opportunity for research 
and investment, since they present themselves as the future. The 
advances in modified starches result in tailor-made excipients, 
where properties can be shaped and enhanced in order to assure 
the desired ones. Starch nanoparticles have many advantages, 
starting with the use of natural and environment-friendly 
materials, passing through low immunogenicity and ending 
with modified drug release and better drug permeation.

In addition, there is a lack of comparative studies between 
different formulations and different pharmaceutical dosage 
forms, which makes it challenging to understand what are the 
critical physicochemical factors to study when developing topical 
delivery systems. Furthermore, it is difficult to correlate each 
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topical delivery system with its efficacy, since there is also a lack 
of quantitative percutaneous data.

In this review, in the field of topical starch-based delivery 
systems, no study presented in vivo skin permeation studies, 
neither in vivo skin safety studies. Moreover, the scale-up to industry 
has not yet been carried out, which brings along some difficulties 
to anticipate their cost-benefit, thus still remaining a challenge 
to be overcome by industry and their researchers.

Considering the consumers’ demand for more eco-friendly 
cosmetics, pharmaceutical industry should take that trend into 
consideration and develop novel starch-based vehicles. Starch’s 
high skin compatibility and recognized property as sensory 
modifier, both important features when addressing topical vehicles, 
make it the perfect candidate for novel topical delivery systems.
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Solid Lipid Nanoparticles and 
Nanostructured Lipid Carriers as Topical 
Delivery Systems for Antioxidants 

6.1  Introduction

The stratum corneum (SC) is the main barrier to the percutaneous 
absorption of topically applied drugs. It is a multilayer matrix 
of hydrophobic and hydrophilic components whose structural 
integrity is maintained by the presence of modified desmosomes, 
called corneodesmosomes, which lock the corneocytes together 
and provide tensile strength for the SC to resist to shearing 
forces [1]. The barrier nature of the SC depends critically on 
its unique constituents, such as the ceramides that account for 
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45–50% of the hydrophobic lipids present in the intercellular 
spaces, cholesterol (25%), long-chain free fatty acids mostly 
with chain lengths C22 and C24 (15%), and 5% other lipids (e.g., 
cholesterol sulfate, cholesterol esters, and glucosylceramides) 
[2]. These lipids, which are organized in multilamellar bilayers, 
regulate the passive flux of water through the SC and are 
considered to be very important for skin barrier function [3].

The absorption of drugs through the skin can occur 
through intact epidermis (transepidermal route) and/or 
skin appendages (transappendageal route) [4]. Since skin 
appendages occupy <0.1% of the total human skin surface, 
the transappendageal route has generally been considered to 
contribute minimally to the overall permeation. However, recent 
advances in this area have demonstrated the important role of 
hair follicles as penetration pathways and reservoir structures 
for topically applied compounds [3]. This is particularly important 
when topically applied drugs are formulated in nanoparticulate 
systems, because it has been demonstrated that the penetration 
depth of the particles can be influenced by their size, resulting in 
the possibility of a differentiated targeting of specific follicular 
structures [5]. Nevertheless, under normal circumstances, the 
predominant route is the transepidermal, with a diffusion path 
length larger than the thickness of the SC (20 μm) and has been 
estimated as large as 500 μm. Importantly, the intercellular 
spaces contain structured lipids and a diffusing molecule has to 
cross a variety of lipophilic and hydrophilic domains before it 
reaches the junction between the SC and the viable epidermis [3]. 

To overcome low absorption rates, lipid-based nanoparticulate 
systems and vesicular colloidal carriers have been investigated 
not only to enhance percutaneous absorption but also for drug 
targeting to the skin or even to its substructure. Thus, they 
might have the potential for an improved benefit/risk ratio of 
topical drug therapy [6]. The literature is rich in publications on 
the ability of lipid-based particles and vesicular colloidal carriers 
to penetrate the SC and the possibility of using such particles 
for topical drug delivery has been widely discussed. Actually, 
topical application, either for therapeutic or cosmetic purposes 
is a research area in which lipid nanoparticles, including solid 
lipid nanoparticles (SLNs) and later nanostructured lipid carriers 
(NLCs), have been used since the 1990s with promising results 
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[7]. The cosmetic field was the first to benefit from the positive 
features of lipid nanoparticles, having marketed more than 40 
products [6, 8], including Nanobase® (Yamanouchi) and a series 
of Q10-containing NLC-based antiaging treatment products 
from Cutanova (Dr. Rimpler GmbH). Besides that, the large number 
of research works focused on dermopharmaceutical products 
shows the interest about these nanosystems, being expected 
their entrance in the pipeline of clinical programs of pharma 
companies in a near future.

SLNs are composed of solid lipids, that is, lipids that are 
solid at both room and body temperatures, whereas NLCs are 
mixtures of solid and liquid lipids, both of them stabilized by an 
aqueous solution of surfactant(s). In practice, SLNs are considered 
“solidified” o/w emulsions, in which the oil droplets have been 
replaced by fat droplets, with a typical solid lipid content of 
0.1–30% w/w and a surfactant concentration ranging from 
0.5 to 5.0% w/V. On the other hand, in NLCs, the lipidic phase is a 
blend of solid and liquid lipids (oils) in a solid to liquid ratio, 
typically, between 70/30 and 99.9/0.1 [6]. However, it should 
be noted that higher oil loadings have been employed so far to 
prepare NLCs [9, 10]. Their fat content may be as high as 95%. 
As a consequence, NLCs have a significantly higher loading 
capacity in comparison to SLNs.

Lipid nanoparticles protect incorporated active molecules 
against chemical degradation and allow modulating drug release, 
thus leading to the use of labile active ingredients, which cannot 
be utilized in traditional formulations [11]. In addition, they are 
reported to enhance the bioavailability of topically applied drugs, 
increasing skin penetration. Their small particle size ensures 
close contact to the SC and thus, the amount of encapsulated 
drug reaching the site of action will be increased. To explain this 
phenomenon, Müller et al. proposed a model of film formation 
on the skin dependent on the particle size, thus causing an 
occlusion effect after application of SLNs and NLCs onto the 
skin [7]. Therefore, topical application of aqueous SLNs or NLC 
dispersions creates a mono-layered lipid film onto the skin, 
which prevents transepidermal water loss, thus increasing 
skin’s moisture and hydration [12]. Due to their rigidity and the 
surfactants in their composition, the thermodynamic stability of 
SLNs and NLCs is enhanced. The presence of surfactants plays 

Introduction
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also a role on skin’s permeability because they may cause skin 
structure disruption. This mechanism has been pointed out as 
allowing a physical UV blockage, thus explaining the putative 
sunscreen effect of lipid nanoparticles [13] and attempts have 
also been made to explore the potential of NLCs in sunscreen- 
loaded formulations with promising results in terms of drug 
loading and stability [14].

Undoubtedly, lipid nanoparticles present occlusive properties, 
which facilitate drug permeation through SC. However, the drug 
penetration may also be affected by parameters, such as the 
carriers themselves, the type and concentration of the lipid, and 
the drug localization in the nanoparticle structure [15, 16]. 
Research on the mechanism of interaction between NLCs and 
the skin showed a clear change in intercellular packing after 
topical application of an NLC dispersion, with reduced corneocyte 
packing and wider inter-corneocytes gaps. It was hypothesized 
that NLCs had an effect on the skin barrier, thus promoting drug 
permeation [16]. Studies performed with Nile red-labeled NLCs 
showed not only that the nanoparticles promoted distribution 
and penetration of the dye into the skin ex vivo, with 
epidermal targeting [17], but also that they may constitute an 
adequate reservoir system for transdermal delivery with a good 
in vivo/in vitro correlation [18].

Suitable formulation in NLCs may therefore control drug 
penetration in the skin. Studies on the cutaneous absorption of 
betamethasone valerate into excised human skin showed the 
importance of a close association of drug molecule and carrier, 
while emphasizing the role of drug localization within the lipid 
matrix [15]. The latter may be influenced by drug physicochemical 
properties, surfactant type and concentration, lipid type, and 
production method. Therefore, besides the good tolerability, simple 
and cost-effective large-scale production, stability, targeting, 
controlled drug release, and protection of liable drugs from 
degradation, it is very important to ensure the solubility of the 
drug in the lipid matrix. In NLCs, this is enabled by the oil 
(liquid lipid) that solubilizes the drugs to a much higher extent 
than solid lipids [11].

Concerning the transappendageal route, it is well known that 
sebaceous glands are of particular interest for topical delivery 
of corticoids for treating diseases like seborrheic dermatitis, 
although scientific publications demonstrating skin permeation 
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through follicular orifices are scarce [3, 19]. However, follicular 
penetration has also been studied for NLCs, since hair follicles 
represent interesting target sites for topically applied substances, 
such as diphencyprone, minoxidil [20, 21] and spironolactone 
[22] for topical treatment of alopecia. Once they penetrate into a 
hair follicle, particles can follow different routes, according to 
their size thus providing some sort of selective targeting. Smaller 
particles can penetrate through the follicular epithelium into 
blood circulation [5].

Many studies have demonstrated the great potential of 
NLCs, either for local drug delivery or to improve drug 
absorption through the skin, with a wide variety of drug molecules 
intended for topical treatment of multiple diseases, making the 
dermal route perhaps the most studied for the application of 
NLCs (Table 6.1). It should be noticed that the number of reports 
in the literature involving SLNs is much larger.

Table 6.1	 Dermal applications of NLC formulations

Encapsulated 
drug NLC composition Outcome Ref.

Acitretin Precirol ATO 5/oleic 
acid/Tween 80

Clinical studies with 
psoriasis patients showed 
significant improvement 
in therapeutic response 
and reduction in local side 
effects with NLCs

[23]

All-trans 
retinoic acids

Oleic acid/cetyl 
palmitate/cineole/
limonene/Transcutol/
butylated 
hydroxytoluene/
Tween 20/Tween 80

NLCs showed higher 
epidermal permeation 
across the skin, suggesting 
their potential use as 
dermal drug delivery 
carriers for all-trans 
retinoic acids

[24]

Artemether Gelucire 43/01/
Transcutol/
Phospholipon 85G

Artemether permeates 
excised human epidermis, 
where the formulation 
served as a reservoir to 
gradually control drug 
release over an extended 
period of time

[25]

Introduction
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Encapsulated 
drug NLC composition Outcome Ref.

Benzocaine Compritol 888 ATO/
Miglyol 812/Lutrol 
F68

Radiant heat tail-flick 
test was carried out in 
mice to determine the 
antinociceptive effect of 
benzocaine from NLCs; the 
results showed NLCs act as 
an effective drug reservoir, 
prolonging the anesthetic 
effect

[26]

Celecoxib Compritol 888 
ATO/Miglyol/1,2-
dioleoyl-sn-glycero-
3-[(N-(5-amino-
1-carboxypentyl) 
imidodiacetic acid) 
succinyl nickel sal/
Tween 80; NLCs 
modified with cell 
penetrating peptides

Cell penetrating peptides 
increased the permeability 
of celecoxib encapsulated 
in NLCs; in vivo 
pre-treatment with the 
formulation inhibited 
PGE2 and IL-6 expression 
compared to controls

[27]

Glyceryl dilaurate/
Capmul MCM/
Cremophor RH 40/
Transcutol

The NLC-based gel 
showed faster onset 
and elicited prolonged 
activity until 24 h

[28]

Clotrimazole Glyceryl tripalmitate/
Miglyol 812/Tyloxapol

Only in vitro characteriza-
tion was performed; 
NLCs presented prolonged 
release properties

[29]

Cyproterone Precirol ATO 5/Miglyol 
812/Poloxamer 188

Drug encapsulation 
into NLCs resulted in 
a 2- to 3-fold increase 
in absorption

[30]

Diphenciprone Precirol/Squalene/
Pluronic F68/Lecithin

Follicular uptake by 
NLCs was 2-fold higher 
for DPCP compared to 
the free control; great 
accumulation of NLCs 
in the follicles and the 
deeper skin strata

[20]

Table 6.1	 (Continued)
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Encapsulated 
drug NLC composition Outcome Ref.

Econazole Precirol ATO 5/Oleic 
acid/Poloxamer 407

Drug-loaded NLCs showed 
better permeability and 
thermodynamic stability 
as effective topical delivery 
system for deep-seated 
fungal infection

[31]

Epidermal 
growth factor 
(rhEGF)

Precirol ATO 5/Miglyol 
812/Poloxamer F68/
Tween 80 

The bioactivity of 
NLC formulations was 
even higher than that 
of free rhEGF; topical 
administration of 
NLC-rhEGF improved 
wound healing in terms 
of wound closure, 
restoration of the 
inflammatory process, 
and re-epithelization grade

[32, 
33]

Finasteride Precirol ATO 5/Mygliol 
812/Tween 60

Loading efficiency was 
70–90% and formulations 
showed low penetration 
levels in pig ear skin 

[34]

Fluconazole Compritol 888 ATO/
oleic acid/ Pluronic 
F68/lecithin

In vivo skin-retention 
studies showed drug a 
5-fold higher accumulation 
in the case of NLC 
formulation, which also 
revealed maximum 
antifungal efficacy

[35]

Flufenamic acid Precirol ATO 5/Mygliol 
812/Plantacare 810

Good in vitro skin 
permeation and 
penetration properties 
for flufenamic acid 
formulated in NLCs

[36]

Fluticasone 
propionate

Precirol ATO 5/
Labrasol/Tween 80/
lecithin Precirol ATO 
5/Softigen 767/ 
Tween 80/lecithin

Reduction of adverse 
effects/not demonstrated

[37]

Introduction

(Continued)



224 SLNs and NLCs as Topical Delivery Systems for Antioxidants

Encapsulated 
drug NLC composition Outcome Ref.

Indometacin Compritol 888 ATO/
Miglyol 812/Lutrol 
F68

The anti-inflammatory 
effect, following topical 
application, was more
prolonged with the NLC 
gel formulation; topical 
bioavailability in the 
SC depended from the 
formulations

[38]

Ketoconazole Compritol 888 ATO/ 
a-tocopherol/
Poloxamer 188/
sodium deoxycholate

Only in vitro 
characterization was 
performed; in contrast to 
SLNs, the NLCs were able 
to stabilize the drug

[39]

Lidocaine Compritol/Miglyol/
Lutrol F68

Results from the radiant 
heat tail-flick test showed 
NLCs can act as an 
effective drug reservoir, 
prolonging the anesthetic 
effect

[26]

Loratadine 1-Hexadecanol/ 
Mygliol 812/ 
 TegoCare 450

Penetration profiles of 
drug encapsulated in NLCs 
was lower when compared 
to a nanoemulsion

[40]

Metotrexate Witepsol S51/oleic 
acid/Tween 60 or 
Tween 80

NLCs promote drug skin 
penetration in vitro

[41]

Minoxidil Stearic acid/oleic acid/
Poloxamer 188

Only physicochemical 
characterization was 
performed

[42]

Precirol ATO 5/
squalene/ Pluronic 
F68/lecithin

NLCs reduced minoxidil 
penetration through the 
skin; this may indicate a 
minimized absorption into 
systemic circulation; great 
accumulation of NLCs in 
the follicles and the deeper 
skin strata

[20]

Table 6.1	 (Continued)
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Encapsulated 
drug NLC composition Outcome Ref.

Tristearin/oleic acid/
cholesterol/Lecithin/
Tween 80

Only physicochemical 
characterization was 
performed. In vitro release 
suggests a faster onset and 
prolonged activity up to 
16 h

[21]

Cetyl palmitate/ 
oleic acid/
Tween 60

Loading efficiency was 
<30% and formulations 
showed low penetration 
levels in pig ear skin.

[34]

Oxybenzone Glyceryl 
monostearate/ 
Mygliol 812/ 
polyvinyl alcohol 
Glyceryl 
monostearate/oleic 
acid/polyvinyl alcohol 

The incorporation of 
oxybenzone into NLCs 
greatly increased the 
in vitro sun protection 
factor and erythemal 
UVA protection factor of 
oxybenzone more, while 
providing the advantage of 
overcoming side effects of 
free oxybenzone

[43]

Spironolactone Compritol 888 ATO/
olive oil/Transcutol/
Tween 80

Confocal laser scanning 
microscopy confirmed 
the potential of delivering 
NLCs within the hair 
follicles, suggesting the 
possibility of localized 
delivery into the scalp hair 
follicles

[22]

Valdecoxib Glyceryl dilaurate/
Capmul MCM/
Cremophor RH 40/
Transcutol

The NLC-based gel showed 
faster onset and elicited 
prolonged activity until 
24 h

[44]

Importantly, NLCs must be either applied as an aqueous 
dispersion or incorporated in suitable liquid or semi-solid 
preparations for cutaneous use that provide an appropriate 
formulation consistency for application upon the skin. The 

Introduction
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development of such pharmaceutical dosage forms containing 
SLNs or NLCs usually involves (a) the incorporation of SLNs/
NLCs in preformed topical products (e.g., lotions, gels or creams); 
(b) addition of viscosity enhancers to the aqueous phase of 
SLNs/NLCs to obtain a gel (e.g., xanthan gum, hydroxyethylcellulose, 
hydroxypropyl methylcellulose, Carbopol® and chitosan); or 
(c) the direct production of a final product containing only 
nanoparticles in a one-step process using high lipid concentrations 
[6]. Attention should be paid to avoid excessive dilution of the 
lipid nanoparticles and therefore of the encapsulated drug, 
as well as instability phenomena such as particle aggregation 
or dissolution.

The literature clearly indicates that skin penetration depends 
not only on nanoparticle formulation, but also on vehicle in which 
NLCs are included. Vitorino et al. [10, 45] reported a Carbopol® 
hydrogel as a vehicle for NLCs, combined with classical skin 
enhancers (ethanol and limonene), in proportions optimized 
in what pertains the permeation rate. The combination of the 
occlusive effect promoted by NLCs, with the SC lipid disturbance 
attributed to the chemical enhancers, arises as an appealing 
strategy to overcome stratum corneum, resulting in transdermal 
delivery [10, 18].

6.2  Antioxidants 

Nowadays, the use of antioxidants (AOs) has been boosted, from 
either a prophylactic or a therapeutic point of view. Such trend has 
been prompt by the discovery of the involvement of free radicals 
and other reactive oxygen species (ROS) in physiopathological 
mechanisms of diseases, including infection, inflammation and 
cancer, either systemically or at a topical level [46, 47]. Therefore, 
the use of AOs as a therapeutic approach to overcome the 
occurrence of these pathologies appears promising. Besides that, 
AOs are molecules that exert multifunctional activities not only 
applied in a specific condition, but also common to several diseases. 
Free radicals are molecules or chemical species with unpaired 
electrons, which makes them unstable and highly reactive, 
able to cause oxidative stress (OS). OS is a condition defined as 
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an impairment of the balance between antioxidants and pro- 
oxidants/oxidants in favor of the latter, which leads to a potential 
damage [48]. It affects lipids, carbohydrates, proteins, enzymes 
and DNA in cells, causing membrane damage, fragmentation or 
random cross linking of molecules such as DNA, enzymes and 
structural proteins or even lead to cell death induced by DNA 
fragmentation and lipid peroxidation [49, 50]. To protect against 
potential damages, human body ensures physiological antioxidant 
mechanisms, which counteract free radicals and prevent the 
damage induced by them by crumbling them before they reach 
the biological targets, preventing chain reactions or the activation 
of oxygen to highly reactive products, the so-called ROS. The 
superoxide radical ( –

2O. ), hydroxyl radical (•OH), nitric oxide 
radical (NO•), peroxyl radical (ROO•), and hydrogen peroxide are 
the most common ROS that occur in the human body. These can 
be divided into two major groups, i.e., enzymatic and non- 
enzymatic. The first one includes enzymatic scavengers, e.g.,  
superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase and other repair enzymes involved in the reduction 
of oxidized forms of molecular antioxidants, such as glutathione 
reductase and dehydroascorbate reductase. Among non-enzymatic 
AOs are lipophilic radical scavengers like tocopherols, carotenoids, 
and coenzyme Q10 (ubiquinone) and hydrophilic scavengers 
such as ascorbate, glutathione, and flavonoids [49].

Some of these agents are endogenously synthesized, which 
includes enzymes, low molecular weight molecules and enzyme 
cofactors; however, the majority are provided by the diet. Dietary 
AOs can be classified into various classes, such as vitamins, 
polyphenols, carotenoids, cofactors, among others (Fig. 6.1). The 
absence of these nutrients compromise physiological defense 
mechanisms.

The role of these agents in the skin is crucial to cope with 
the protection functions ensured by this vital organ. Human skin 
is very susceptible to OS, since it is continuously exposed to 
exogenous and endogenous factors that contribute to ROS 
formation and, consequently, to cell/structural modifications that 
results in skin damage. Some of the environmental causes that 
makes skin a major target of ROS attack include the exposure 
to ultraviolet (UV) light, cigarette smoke, xenobiotics, poor diet, 
harsh soaps or aggressive detergent-based moisturizers. Aging 
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and many biological disorders are additional factors that 
contribute to a decrease in the antioxidant levels.

 

 

 

 

 

Non-enzymatic 

Secondary enzymes
Glutathione reductase 

Enzymatic 

Primary enzymes
Catalase, SOD, 

Glutathione peroxidase

Polyphenols
Flavonoid Phenolic acid

derivatives
Quercetin        -oryzanol 
Genistein  

Others
Resveratrol, Curcumin 

Cofactors
Coenzyme 
Idebenone 
-Lipoic acid  

Carotenoids
-carotene 
Lutein 

Zeaxanthin 

Vitamins
A, C, E 

Figure 6.1	 Classification of antioxidants. Some AOs are simultaneously 
obtained by synthesis in the human body and from diet. 
Within the later, polyphenols represent the major class.

Under these conditions, wherein the protection against ROS 
is weakened along with the increase in oxidants species, the 
antioxidants produced by the body are inadequate. Thus, the 
external supply of AOs is crucial to counteract the deleterious 
effects of oxidative stress. Antioxidant therapeutic strategies 
encompass drug administration via the skin for either a local 
(topical delivery) or a systemic effect (transdermal delivery). The 
delivery of AOs in conventional dosage forms (e.g., gels, creams, 
ointments) is challenged due to several reasons like poor solubility 
along with instability issues. In this context, lipid nanoparticles 
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arise as an appealing and versatile approach to overcome the 
skin permeability barrier, and facilitate the transport to deeper 
layers, especially for large and hydrophilic molecules, and the 
stability issues associated to compounds. This type of carriers 
has been employed to a wide range of AO classes, either on 
diseased or healthy skin. An overview of the studies carried out 
hitherto is presented in the following sections and resumed in 
Table 6.2.

6.2.1  Vitamins

6.2.1.1  Vitamin A and derivatives

Retinoids show promise in the treatment of skin aging. However, 
irritant reactions, such as burning, scaling or dermatitis associated 
with retinoid therapy have limited their acceptance by patients. 
This problem is more critical with tretinoin and tazarotene, 
whereas other retinoids mainly represented by retinaldehyde 
and retinol are considerably less irritating [51].

Vitamin A (Vit A) is a 20-carbon molecule composed of a 
cyclohexenyl ring, a side chain with four double bonds in trans 
configuration, and an alcohol end group (hence the name all- 
trans-retinol). Vit A is not synthesized by the body, so that it needs 
to be externally supplied [51]. It is widely used as a major 
component in functional cosmetics. However, it presents limited 
skin penetration ability [52]. Thus, there is a strong need for 
the development of new delivery systems capable of enhancing 
the skin permeation of this lipophilic vitamin. Jenning et al. 
studied the topical drug release properties of SLNs encapsulating 
vitamin A, employing both the free alcohol retinol and the 
respective ester retinyl palmitate [53]. SLNs loaded with Vit A 
either in suspension or incorporated in a hydrogel and o/w-cream 
were subsequently tested with respect to their influence on drug 
penetration into porcine skin [54]. A controlled release for both 
forms was observed over 24 h, with a release rate even exceeding 
the one obtained from the corresponding nanoemulsions [53]. 
Vitamin A concentrations in the skin suggested, however, a certain 
drug localizing effect, with high retinol concentrations found in 
the upper skin layers, whereas the deeper regions showed only 
very low vitamin A levels. A prolonged targeting was obtained 
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when SLN-retinol were incorporated into the o/w cream versus 
hydrogel, which slowed down the polymorphic transition and 
thus drug expulsion. In turn, the penetration of retinyl palmitate, 
an occlusion sensitive drug, was even more influenced by SLN 
incorporation [54]. In another study, retinyl palmitate was 
loaded in a surface-modified SLNs with dicetyl phosphate (DCP), 
a safe cosmetic excipient that conferred them a negative charge. 
The SLN system was characterized and its skin permeation in vitro 
and antiwrinkle effect in vivo further evaluated. DCP-modified 
negative SLNs allowed an enhancement of the retinyl palmitate 
skin distribution of 4.8-fold and delivered it to a greater depth 
than did neutral SLNs. In addition, the in vivo studies revealed 
that the antiwrinkle effects promoted by DCP-SLN formulations 
were significantly different from that of the negative control and 
effectively prevented the reduction of elastin and superoxide 
dismutase activity by UV irradiation [55].

Jee and coworkers also investigated whether stabilization of 
retinol could be achieved through SLNs [56, 57]. It was observed 
that despite the incorporation of retinol into SLNs could not 
perfectly stabilize it the instability of the active could be overcome 
by the co-loading of antioxidants, such as butylate hydroxyanisol 
(BHA) and butylate hydroxytoluene (BHT) in SLNs. Moreover, 
the presence of antioxidants greatly increased the loading 
efficiency of retinol in SLNs [56].

6.2.1.2  Ascorbic acid derivatives

Vitamin C or L-ascorbic acid (AA) and its derivatives have been 
widely used in cosmetic and pharmaceutical products to protect 
and reduce the signs of aging, mainly due to their antioxidant 
properties. Due to its excellent reducing efficiency, AA is extremely 
unstable especially under aerobic conditions, in the presence of 
metal ions and at light exposure, being irreversible and quickly 
degraded to the biologically inactive form (2,3-diketo-l gulonic 
acid) by oxidation [40]. Because of its low stability in aqueous 
solutions, its use in topical formulations is difficult. The structural 
modification of the ascorbic acid ring at positions 2, 3, 5, or 6 
contributes not only to its stabilization as an antioxidant, but 
also to the formulation of a variety of products with antioxidant 
activity with a broaden use in nonaqueous media [58]. One of its 
derivatives is ascorbyl-palmitate (AP), an amphiphilic molecule, 
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which is chemically more stable and penetrates into the skin 
more effectively as compared to its acidic form. In addition, AP 
moisturizing activity in various topical formulations was found 
to be considerably high [59, 60]. However, chemical stability 
issues have still been associated to many AP preparations [61]. 
The use of SLNs and NLCs to enhance AP stability has been 
employed by several research groups. Teeranachaideekul et al. 
investigated the formulation parameters affecting the stability of 
AP physicochemical characterization after incorporating it into 
NLCs [62]. It was observed that the chemical stability of AP- 
loaded NLCs can be improved by selecting adequate types of lipid, 
surfactant, and proper storage conditions, i.e., cold temperature 
and flushing with nitrogen gas. Moreover, an improvement of 
long-term (90 days storage) chemical stability of A-P was achieved 
by the addition of extra antioxidants (butylate hydroxyanisol 
(BHA), butylate hydroxytoluene (BHT) and Vitamin E) [62]. The 
further inclusion of AP-NLCs into a gel supported the suitability 
of these nanocarriers for topical application [63].

Kristl et al. studied the stabilizing effect of different 
nanocarrier systems for AP: microemulsions (ME), liposomes, 
and SLNs [64]. It was also observed that AP was resistant against 
oxidation in the following order: nonhydrogenated soybean 
lecithin liposomes, SLNs, w/o and o/w ME, and hydrogenated 
soybean lecithin liposomes. The location of the nitroxide group 
of AP in the carrier system revealed being crucial to its stability.

In turn, Üner et al. examined the stability of AP incorporated 
into SLNs, NLCs, and nanoemulsions (NEs) [40]. According to 
this study, nondegraded AP content in NLCs, SLNs, and NEs was 
found to be 71.1 ± 1.4%, 67.6 ± 2.9% and 55.2 ± 0.3%  after 3 months 
at 4°C, respectively, thus demonstrating that the carrier structure 
is important to ensure the AP stability. The highest degradation 
was observed with NEs, which was attributed to the fact that 
oxidation rate increased with mobility of the AP in the oil droplets 
of NEs, as a result of the liquid state of the internal phase. 
Another reason was the higher solubility of oxygen in oil than in 
water, which led to a preferential distribution into the oil phase 
of the NEs. In the case of SLNs and NLCs, their solid lipid content 
did not allow oxygen diffusion into the carrier easily, thus 
keeping the entrapped AP more protected. Apart the stability, the 
degree of skin moisturizing and penetration of AP entrapped in 
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SLNs, NLCs, and NEs incorporated into hydrogel was significantly 
higher as compared to that of NEs [65].

6.2.1.3  Vitamin E derivatives

Alpha-Tocopherol, the major biologically active form of vitamin 
E, is a frequently added lipophilic compound of cosmetic and 
dermopharmaceutical products as a potent antioxidant, hence 
able to reduce skin damage caused by UV radiation. The UV- 
blocking capacity of vitamin E mainly in the UV-B region is already 
known [66]. However, owing to stability problems, tocopherol 
acetate (TA) is usually used instead. In turn, it has been reported 
that SLNs exhibit a pigment-like whitening effect, as is given by 
titanium dioxide, thus providing characteristics of physical UV-
blockers on their own. This opens the possibility of developing a 
more effective sunscreen system with reduced side effects. Such 
an approach was investigated by Wissing et al. [67]. According 
to this study, the incorporation of the chemical sunscreen TA 
into SLNs prevented chemical degradation and increased the UV-
blocking capacity at least twice in comparison to the respective 
reference emulsions (conventional emulsions with identical 
lipid content). Placebo SLNs even exhibited greater UV-blocking 
efficacy than did emulsions containing tocopherol acetate as the 
molecular sunscreen. The subsequent inclusion of TA into SLNs 
led to a synergistic UV-blocking effect. These data highlight the 
potential of SLNs as basis of an improved carrier system for 
potentially harmful sunscreens [67].

6.2.2  Carotenoids

Carotenoids are common natural lipophilic pigments, derived 
from a 40-carbon basal structure, which includes a system of 
conjugated double bonds. This pattern of conjugated double 
bonds in the polyene backbone allows them to extract or donate 
electrons to or from suitable coreactants, leading to free radicals 
anions and cations, which in turn can react with oxygen and 
other molecules [68]. Thus, they behave as efficient antioxidants 
scavenging singlet molecular oxygen and peroxyl radicals, also 
interacting in a synergistic manner with other antioxidants 
[69]. Carotenoids can be grouped into provitamin A carotenoids 
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(those that can be converted to vitamin A in the human body) 
and the non-provitamin A carotenoids (those that cannot be 
converted to vitamin A in the human body) [70].

6.2.2.1  Beta-carotene

Beta-carotene is the most prominent provitamin A carotenoid. 
The protective effects of this carotenoid against UV and infrared 
radiation have been reported in several ex vivo and in vitro 
studies, thus preventing skin photooxidative damage [71, 72]. 
There is evidence that b-carotene regenerates tocopherol from 
the tocopheroxyl radical, being the resulting carotenoid radical 
cation further repaired by vitamin C. Thus, vitamins E, C and 
b-carotene exhibit antioxidant cooperative effects [73]. Despite 
the wide range of pharmacological effects, the dermatological 
application of b-carotene is still limited due to its photochemical 
instability. In fact, its chemical structure based on a conjugated 
double-bond system prompt it to oxidative cleavage and 
isomerization by oxygen, light and heat [74].

Hence, the development of formulations that improve 
the chemical stability of b-carotene and present an increased 
penetration potential through the stratum corneum is deemed 
necessary. Trombino et al. employed stearyl ferulate-SLNs (SF-SLNs) 
as vehicle for both b-carotene and a-tocopherol, as a strategy to 
increase the photochemical stability of these compounds [75]. 
In this study, ferulic acid, a potent antioxidant on its own, was 
coupled to stearyl alcohol to synthesize stearyl ferulate, since it 
exhibits synergistic effects with other antioxidant systems, being 
also able to protect and stabilize them from degradation. The 
SF-SLNs obtained were characterized for entrapment efficiency, 
size, shape, stability, antioxidant and cytotoxicity activity, and 
compared to traditional stearic acid-SLNs (SA-SLNs). The pro-
oxidant and/or exposition to sunlight indicated that SF-SLNs 
are a good vehicle for b-carotene and a-tocopherol, as they were 
able to stabilize them, thus preventing the oxidation and the 
degradation of both compounds. SF-SLNs displayed better 
entrapment efficiency than the corresponding SA-SLNs, which 
enabled them to ensure a higher driving force for drug release 
and penetration. Although cytotoxicity studies have suggested 
that SF-SLNs tolerability is lower than SA-SLNs, even at a low 
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micromolar concentration they are still considered suitable as a 
dermatological formulation [75].

Hung et al. employed NLCs to incorporate palm oil, which is 
composed by carotenoids, including 13 different types of carotenes, 
among others, a- and b-carotenes, being also a rich source of tocols 
(vitamin E) [76]. In this study, two modified hot-high pressure 
homogenization NLC production methods were developed by 
minimizing the working high production temperatures usually 
employed: 60°C was used instead the previous 85°C, for method 
A and 60°C with admixture of surfactants in the lipid phase, for 
method B. Reducing the working temperature minimizes not only 
the degradation of labile actives, but also improve the emulsifying 
capability of surfactants exhibiting cloud points lower than 85°C. 
Thus, these two methods allowed enhancing the chemical stability 
of these heat-sensitive bioactive compounds and the physical 
stability of NLCs [76].

6.2.2.2  Lutein

Lutein and its isomer zeaxanthin are non-provitamin A 
carotenoids, also known as xanthophylls (contain oxygenated 
substituents in their chemical structure). Since they are not 
endogenously synthesized, they must be provided by the diet. 
In nature, they are found in high concentrations in green leafy 
vegetables (e.g., spinach and kale) and egg yolk. In human body, 
lutein and zeaxanthin are highly concentrated in the macula 
lutea of human eye and also in the skin as components of the 
antioxidant system. They have been shown to provide protection 
against tissue damage (skin swelling and hyperplasia) caused 
by UV light, due to their blue light filter properties, known to 
induce photo-oxidative damage by ROS generating [70, 77, 78]. 
Given the relationship established between UV exposure and skin 
cancer, a protective role against skin cancer, either as a filter of 
blue light or as a ROS scavenger seems also to be called to these 
carotenoids [78]. The efficacy of lutein and zeaxanthin topical 
application was demonstrated in a clinical trial [79]. However, as 
many other carotenoids their conjugated double bond isoprenoid 
structure dictates a poor chemical stability [80]. To overcome 
this issue, SLNs and NLCs encapsulating lutein formulations 
were prepared and characterized in what concerns particle size, 
zeta potential, performance (release and penetration behavior), 
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physical and photo-stability [81]. The corresponding NEs and 
free drug formulations were used as references. The nanocarriers 
were able to protect lutein against UV degradation. Only 0.06% 
and 6–8% degradation was observed after irradiation with 10 
Minimal Erythema Dose (MED) in SLNs and NLCs, respectively, 
as compared to 14% in the NEs, and to 50% as lutein powder 
suspended in corn oil. Moreover, SLNs and NLCs exhibited suitable 
physicochemical properties, with release and permeation patterns 
compatible with a topical and prolonged administration [81].

6.2.3  Co-factors

6.2.3.1  Coenzyme Q10

Coenzyme Q10 (CoQ10), also called ubiquinone-10, due to its 
ubiquitous presence in nature, is a biological cofactor in the 
mitochondrial respiratory chain. Much attention has been devoted 
to the potential beneficial effects of CoQ10. As an essential electron 
carrier in cellular respiration during oxidative phosphorylation 
and ATP synthesis, it acts as a chain breaking antioxidant, clearing 
ROS and protecting cells from oxidative stress [82, 83]. When 
topically applied, CoQ10 has also been shown to prevent many of 
the detrimental effects of photoaging and, therefore, causing a 
decrease in wrinkle depth [84]. These effects could be related 
to the ability of CoQ10 to induce production of basal membrane 
components, fibroblast proliferation and to decrease oxidative 
damage caused by lipid peroxidation [85]. Considering its chemical 
structure (a tyrosine-derived quinone ring linked to a long side 
chain containing ten isoprenoid units), CoQ10 has been barely 
satisfactory in topical drug delivery because of its lipid solubility. 
It means that systems that can deliver the antioxidant more 
efficiently into the skin are required. In this context, many have 
been the literature reports evaluating the potential of lipid 
nanoparticles as topical delivery carriers to improve its 
antioxidative efficiency [82, 86–90]. According to these studies, 
NLCs loaded with CoQ10 with a size ranging from 100 nm to 
250 nm improved its skin penetration in vitro and in vivo 
compared to non-particulate formulations as reference [82, 86, 89]. 
The amount of CoQ10 released and the occlusiveness ensured 
by NLCs were considered major key factors to promote deep 
penetration into the skin [89]. In addition, when incorporated 
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into NLCs, it significantly enhanced the antioxidative capacity 
of fibroblasts in which oxidative stress was induced by UVA 
irradiation. Chemical stability of Q10 entrapped into NLCs was 
also reported as higher than that in equivalent NE systems and 
dependent on the amount of oil content in NLCs, i.e., the higher 
oil content, the lower percent Q10 remaining. Rheological 
properties of a commercial cream based on CoQ10-NLCs (Cutanova 
Nanorepair Q10) indicated a better subjective impression in 
terms of consistency and spreadability on the skin than that found 
for conventional o/w emulsion as control cream, which makes 
NLC-based formulations more attractive from a user point of 
view. All these features showed how NLCs and the latest ultra- 
small lipid nanoparticles (usNLCs) are beneficial for the dermal 
delivery of CoQ10.

Recently, a further development of the previously analyzed 
NLC systems yielded a new (third) generation of nanocarrier 
systems, the usNLCs [9, 91, 92]. These nanosystems take advantage 
from the decrease in particle size (around 80 nm), as a result of 
an oil-enrichment of the lipid phase. In practice, this relies on 
the use of liquid/solid lipid ratios of 75/25 and the determination 
of the required hydrophilic lipophilic balance (HLB). Therefore, 
an improvement in the dermal delivery of CoQ10 by usNLCs 
over conventional, larger NLCs was achieved. Higher amounts of 
CoQ10 in deeper skin layers were detected, as well as higher total 
amount penetrated according to in vitro diffusion studies. The 
penetration/permeation from the usNLCs was even superior 
to identically sized NE systems, demonstrating that rather than 
particle size, the influence of the physical state of the particle 
matrix (solid vs. liquid) and the associated properties (film 
formation properties, occlusive effect, hydration state, chemical 
composition of lipid and drug release profile from matrix) is 
crucial for their performance [92]. Moreover, HaCaT uptake studies 
indicated that usNLC-CoQ10 presented the strongest reduction 
of the radical formation, compared to classical nanocarriers 
(NLCs and NEs), reaching up to 23% (taken the control cells 
without nanocarrier treatment as reference) [91]. A flip–flop 
core–shell structure of the lipid matrix, i.e., the oil with dissolved 
active surrounding the solid lipid based core, thus creating a 
higher gradient concentration of CoQ10, was suggested as possible 
reason for their efficacy [9].
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6.2.3.2  Idebenone

Idebenone (IDE), a synthetic analogue of coenzyme Q10 with a 
shorter carbon side chain, is a free radical quencher, able to 
counteract skin damage and aging due to ROS overproduction. 
As an antioxidant, the maintenance of its chemical stability is 
a requirement to warrant proper antioxidant action. However, 
IDB presents poor stability, being described its degradation by 
60% and lose of antioxidant activity by 30% when exposed to a 
relative humidity of 75% and at 40°C during 45 days [93, 94]. 
Therefore, a formulation that can increase the chemical stability  
of IDE needs to be developed. A strategy to decrease this undesired 
effect could be incorporation of the active into lipid nanoparticles. 
Li et al. developed a carrier system for IDB based on NLCs and 
compared the chemical stability of IDB and the respective skin 
delivery against other two formulations, an IDB-encapsulated 
nanoemulsion and an IDB-dissolved oil solution. NLCs were found 
to achieve a significant improvement concerning the chemical 
stability of IDB, skin permeation, and formulation stability 
when compared to NEs and oil solution [93]. Montenegro et al. 
assessed the feasibility of targeting IDE into the upper layers of 
the skin by topical application of IDE-loaded SLNs prepared by 
the phase inversion temperature (PIT) method. Irrespectively 
of the loading capacity and stabilizer used, no IDE permeation 
occurred, conversely to penetration behavior. IDE loaded into 
SLNs mainly accumulated in the upper skin layers instead, 
i.e., stratum corneum and epidermis [95, 96].

A third study carried out by Salunkhe et al. aimed at developing 
an IDB-NLC formulation and assess its sun protection efficacy. 
An improvement of the antioxidant effect promoted by the 
entrapment of IDB into NLCs was observed, along with a high 
significance (p < 0.001) of drug deposition in skin and enhanced 
sun protection factor (SPF), in comparison to plain IDB gel. 
Such results support their use as anti-skin aging topical system 
[97].

6.2.3.3  Alpha-lipoic acid

Alpha-lipoic acid (LA, 5-(1,2-dithiolan-3-yl)pentanoic acid) is a 
co-factor in the citric acid cycle and a well-known potent natural 
antioxidant found in certain food products (e.g., red meat, spinach, 
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broccoli, among others). It can be also produced in the human 
body, but only in very small amounts. Therefore, it needs to be 
absorbed from exogenous sources. LA has been linked to skin care 
as a primary antioxidant that prevents aging and inflammation, 
since it is able to directly scavenge ROS and possesses metal 
chelating activity [98]. Despite its promising properties, problems 
related to its poor water solubility, stability (LA polymerizes 
when heated above its melting point, 47.5°C, or under the influence 
of light) and consequent strong sulfur smell remains a major 
challenge [98, 99]. Souto et al. investigated the incorporation of 
LA into protective lipid nanoparticles [100]. According to this 
study, a topical SLNs (20% lipid content) formulation containing 
1% of LA, a sufficiently high concentration to ensure a possible 
therapeutic effect, was achieved. More recently, Ruktanonchai 
et al. developed water-soluble formulations also with 1% 
of LA loading using SLNs, NLCs, and NEs (9% total lipid 
content) and characterized them in terms of physical and 
biological properties. A sustained release of LA was observed only 
for SLNs and NLCs. The less-ordered structure of the lipid matrix 
of NLC formulations resulted in unchanged EE apart from a 
delayed percentage recrystallization index over 90 days of storage. 
In what concerns the biological performance, the antioxidant 
activity of LA-loaded formulations was similar to magnitude of 
pure LA. Both SLNs and NLCs were considered adequate 
alternative carriers to administer LA topically [101].

6.2.4  Polyphenols

6.2.4.1  Flavonoids

Flavonoids are natural antioxidants derived from the plant 
kingdom, being widely present in the human diet in the form of 
numerous edible fruits and vegetables, such as apples, berries, 
red grapes, and onions. This opens novel possibilities for the 
treatment and prevention of oxidative stress-mediated skin 
diseases [102]. The mechanism of antioxidant action of flavonoids 
has been attributed to their ability to scavenge reactive oxygen 
species, to chelate transition metal ions involved in oxygen 
activation via redox reactions and to the synergistic effects with 
other antioxidants [103].
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6.2.4.1.1  Quercetin 

Quercetin (QC), chemically described as 3,3,4,5,7-pentahy-
droxyflavone, is a natural flavonoid, belonging to the subclass 
of flavonols. A wide range of pharmacological activities related 
to the antioxidant systems of the skin have been addressed 
to QC. It encompasses the inhibition of lipid peroxidation, 
complexation of redox-active transition metal ions to form inert 
chelate complexes and the scavenging of oxygen radicals, also 
ensuring protection against the UVB-induced oxidative skin 
damage [104–107]. Such a high antiradical/antioxidant activity 
exhibited by QC has been ascribed to the presence of three 
active functional groups in its chemical structure: the ortho- 
dihydroxy moiety in the B ring, the C2–C3 double bond in 
conjugation with a 4-oxo function and the hydroxyl substitution 
at positions 3, 5 and 7 [108].

Thus, QC gathers a set of beneficial therapeutic effects along 
with a safety profile, which make it a very promising candidate 
for incorporation into topical formulations [109]. Additionally, 
it is also extensively metabolized by the gut microorganisms 
when administered orally, which reduces its absorption from 
the gastrointestinal tract and bioavailability [110, 111]. However, 
despite it presents a suitable log P (log P = 1.82 ± 0.32 [112]) for 
cutaneous administration, its low aqueous solubility (0.55 µM 
[113]) limits its penetration to deeper skin layers [114]. One of 
the possibilities to enhance QC transport to/through the skin 
relies on the use of a carrier system, such as LN. This strategy was 
employed in a research work carried out by Bose et al. [109, 115]. 
These authors have previously optimized the composition and 
production variables of a SLN formulation based on Compritol® 
888 and a mixture of Tween 20/dioctyl sodium sulfosuccinate, 
manufactured via probe sonication. The in vitro release studies 
showed an initial burst release followed by prolonged release for 
up to 24 h. In turn, higher amounts of QC were localized within 
the skin, when compared to a control formulation containing 
particles in the micrometer range, thus demonstrating the 
feasibility of topical delivery of QC via a solvent-free solid lipid 
based nanosystem [115]. In a second study carried out by the 
same authors, the impact of other formulation factors, such as 
the inclusion of a liquid lipid (i.e., NLCs versus SLNs), and drug 
loading in the formulation previously optimized were investigated. 
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No statistically significant differences (p > 0.05) were observed 
between the SLN and NLC formulations loaded with 0.05% of 
QC for particle size (D50 and D90 values) at the initial time 
point and after 8 weeks at 2–8°C, also presenting similar zeta 
potential values. Release studies corroborated the previous 
studies indicating a biphasic release profile, characterized by an 
initial burst release followed by a more controlled release pattern 
from both SLN and NLC systems. In terms of in vitro permeation 
studies, QC was not detected in the receptor media, which discards 
a transdermal delivery. This was not considered a critical aspect, 
since the efficacy of QC in delaying UV radiation-mediated 
damage occurs at a topical level. NLCs exhibited the highest 
improvement in topical delivery of QC manifested by the amount 
of quercetin retained in full thickness human skin, compared to 
the control formulation (QC non-encapsulated). This second study 
demonstrated that NLCs could be considered a better carrier 
system for improving topical delivery of QC, being able to deliver 
an adequate amount to achieve the desired pharmacological 
action [109]. These results were corroborated by Guo et al. [116].

6.2.4.1.2  Genistein

Genistein (GN) is a soy-derived isoflavone and phytoestrogen 
with antineoplastic, antioxidant, and antiproliferative activity 
[117, 118]. GN substantially inhibits skin carcinogenesis and 
cutaneous aging induced by UV light in mice, and photodamage 
in humans. The mechanisms of action involve protection of 
oxidative and photodynamically damaged DNA, downregulation 
of UVB-activated signal transduction cascades, and antioxidant 
activities [119, 120]. Therefore, the topical administration of 
GN may be a suitable route for the prevention and treatment 
of pre-malignant skin lesions. In addition to this, topical 
administration of GN may also be an alternative route to attain 
systemic bioavailability, as a result of its rapid clearance from 
plasma [121]. Previous studies have reported the feasibility of 
administration of GN to/through the skin [122–124]. However, 
some difficulty in permeating the skin when administered in 
conventional dosage forms has been denoted. This called for the 
need to improve GN skin penetration employing, for example, 
lipid nanoparticles. Andrade et al. studied the effect of the 
incorporation of GN into SLNs and NLCs and their ability to 
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deliver it to deeper skin layers [125]. Both nanocarrier systems 
allowed a sustained release of GN, with NLCs, although more 
flexible (as suggested by the electron paramagnetic resonance 
measurements), has led to a slower profile. On the other hand, 
permeation studies showed that the encapsulation of GN in lipid 
nanoparticles significantly increased drug retention in different 
skin layers, when compared to unloaded GN, which was not 
quantifiable. Again, similar amounts of GN were retained in 
the SC when SLNs and NLCs were topically applied. However, 
NLCs increased the retention of GN 1.7-fold in the remaining 
skin layers, which is highly desirable to ensure photoprotection 
and the antioxidant activity. Thus, the targeting effect promoted 
by NLCs by delivering GN into deeper skin layers highlights its 
role as an enhancement drug penetration strategy [125].

6.2.4.2  Phenolic acid derivatives

6.2.4.2.1  Gamma-oryzanol

Gamma-oryzanol (g-O), a phytosteryl ferulate mixture extracted 
from rice bran oil, has a wide spectrum of biological activities, 
among others, its antioxidant properties either with a therapeutic 
or a technological function purpose. It is often used in cosmetic 
formulations not only as a natural antioxidant to improve the 
stability, but also as a natural UV-A filter in sunscreens [126, 
127]. However, the utility of most of these preparations has been 
compromised by the poor water solubility of g-O. Ruktanonchai 
et al. studied the effects of the incorporation of g-O into three 
different types of solid lipid: wax, triglycerides and a mixture of 
glycerides as a SLN system, and compared against the a liquid 
lipid (Miglyol® 812) as a nanoemulsion [128]. Comparisons were 
established in terms of mean particle diameter, zeta potential, 
particle morphology, entrapment efficiency (EE), in vitro release 
profile and physicochemical stability during long-term storage. 
Moreover, their cytotoxicity and biological activity in terms of 
antioxidation were still investigated. SLNs demonstrated good 
physical stability presenting an EE comprised between 40 and 
60%, whereas a significant increase in size and decreased EE was 
found with NEs after 1 month of storage at 45°C. The solid lipid 
type chosen to produce SLNs played an important role in terms of 
EE and recrystallization index (RI), not impacting though their 
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chemical stability. In particular, a decrease in the crystallinity of 
SLNs was observed after incorporating the g-O and low RI were 
found with two glycerides-based SLNs. In vitro release studies 
revealed biphasic release patterns in the case of SLNs, whereas 
a fast and much higher release from NEs was observed. This 
supports the ability of this type of carriers to promote a sustained 
drug release. The lowest cytotoxicity was observed for the wax-
based SLNs. From an efficacy point of view, NEs, wax-based 
SLNs, and a mixture of glycerides-based SLNs were considered to 
enhance the antioxidant activity of g-O [128]. An overall analysis 
highlights the better performance obtained from SLNs. 

6.2.4.3  Other polyphenols

6.2.4.3.1  Resveratrol

Resveratrol (RV), chemically known as 3,5,4-trihydroxystilbene, 
is a naturally occurring polyphenol and a phytoalexin found in 
grapes, nuts, fruits and red wine. Numerous pleiotropic health 
beneficial effects, including antioxidant, anti-inflammatory, 
cardioprotective and antitumor activities have been ascribed to 
RV [129]. Nevertheless, it must been taken into consideration that 
it exists as both cis and trans isomers, although the most abundant 
and biologically active form is attributed to the trans-isomer [130]. 
Besides that, it is a highly photosensitive compound susceptible 
to UV-induced isomerization, being the cis-form easily obtained 
after 1 h exposure to light of a trans-form solution, which clearly 
reduces its efficacy and limits its topical administration [131, 132]. 
One of the strategies to increase the stability of the drug consists 
in the use of solid lipid nanoparticles. Such an approach was 
addressed in a study carried out by Carlotti et al. [133], which 
assessed the UVA-induced photodegradation of both RV free and 
loaded formulations, in the absence or presence of tetradecyl- 
g-cyclodextrin. It was found that the loading of RV in SLNs 
significantly reduced the RV photodegradation, which became 
even more pronounced when the tetradecyl-g-cyclodextrin was 
included. In addition to this, the presence of the cyclodextrin 
improved the nanoparticle properties in terms of reducing particle 
size and respective distribution, turning zeta potential values 
more negative and slightly increasing the entrapment efficiency. 
On the other hand, a notable in vitro porcine skin accumulation 
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and an increased antioxidative efficacy were observed by 
entrapping RV in SLNs, as elucidated by skin uptake and 
antilipoperoxidative activity studies [133]. The evidence for 
SLN-mediated cell uptake of RV and with potential benefits for 
prevention of skin cancer has also been reported in a cell culture 
study [134].

In turn, the performance of the nanocarrier type, i.e., SLNs 
and NLCs, for dermal application of RV was investigated by Gokce 
et al. [135]. According to this study, several nanocarrier systems 
were developed and the optimal formulations evaluated both in 
terms of cytotoxicity and antioxidant capacity (by determining 
the amount of ROS produced in fibroblasts) and the accumulation 
of RV in the different layers of skin. The results indicated a higher 
particle size for SLNs (287.2 nm ± 5.1) in comparison with NLCs 
(110.5 nm ± 1.3), along with a higher RV entrapment efficiency 
for the latter and similar zeta potential values. Both RV-loaded 
SLN and NLC systems were characterized by high biocompatibility, 
showing normal human dermal fibroblasts at concentrations 
below 50 μM of RV, considered effective in decreasing ROS 
accumulation. However, NLC was characterized by a better 
performance, indicating again that NLCs had a noticeably higher 
tendency to penetrate into deeper layers of skin with respect to 
SLNs. Such a behavior was ascribed to the smaller size, which 
possibly favoring particle and cell endocytosis [135].

6.2.4.3.2  Curcuminoids

Curcuminoids (CM), comprising curcumin, desmethoxycurcumin, 
and bisdesmethoxycurcumin as major phenolic compounds, are 
powerful bioactive agents and natural antioxidants obtained 
from the rhizome of Curcuma longa [136]. They are able to 
prevent against oxidative damage mediated by hydrogen peroxide 
[137], playing therefore important functions in retarding skin 
aging. However, despite their several utilities and low toxicity, 
these molecules present poor bioactivity and instability under 
neutral and alkaline aqueous solutions, being also susceptible to 
degradation by oxidation and light exposition [138–140]. A possible 
solution to overcome this obstacle would be the development of 
lipid nanoparticle based formulations to improve their stability. 
CM-loaded SLN included in a conventional cream was successfully 

Antioxidants
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prepared through a microemulsion technique at moderate 
temperature by Tiyaboonchai et al. [141]. In this study, the 
primary goal was to characterize the processing factors affecting 
the characteristics of the CM-SLNs, such as the optimal conditions 
for their preparation, as well as their stability during storage. 
It was found that after 6-month storage at room temperature in 
the absence of sunlight, the physicochemical stability of the 
lyophilized CM-loaded SLNs was maintained, since no significant 
changes (p > 0.05) in the mean particle size were observed, when 
compared to the freshly prepared formulation. Moreover, the 
chemical stability of CM incorporated into SLNs, inspected by 
dispersing them into a model cream base, revealed that after 
storage in the absence of sunlight for 6 months, the percentages 
of the remaining curcumin, bisdemethoxycurcumin and 
desmethoxycurcumin were 91, 96, and 88, respectively. In 
addition, the light and oxygen sensitivity of CM was strongly 
reduced by incorporating them into SLNs [141]. These results 
were corroborated by a recent study wherein SLNs, with a 
different composition and obtained from the hot melting 
homogenization, were used as a carrier system, thus demonstrating 
that the stability of CM can be improved when incorporated into 
SLNs [142].

6.3  Conclusions

Cutaneous anti-oxidants play a pivotal role in the defense 
mechanisms against ROS induced skin disorders. Topical delivery 
of different antioxidants is deemed necessary, especially when 
external supplementation by oral administration is compromised, 
either because physicochemical or pharmacokinetic reasons. 
Due to their positive feature, i.e., increased AO penetration and 
stability, re-enforcement of the lipid barrier, increase in skin 
hydration, and controlled release and biocompatibility properties, 
lipid nanoparticles, in particular, NLCs come across as appealing 
carrier systems. At present, more than 40 NLC products are 
available on the cosmetic market, and NLCs for pharmaceutical 
use are already in development, which clearly highlights the 
potential of these nanosystems for AO topical delivery.

A refinement to further improve and optimize cell/tissue 
penetration properties of AOs spurred the development of a 
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recent generation of carriers, the usNLCs, with very promising 
results hitherto. The use of the later could be challenging to 
mediate the transport through the skin of antioxidant enzymes, 
including SOD and CAT. These special active proteins have already 
been employed in many studies as antioxidant therapeutic 
agents, but with restricted success related to its limited skin 
penetration. Thus, this class of AOs could be the next one to 
benefit from the advantages of lipid nanoparticles in a near future.
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Manufacture and Applications of Gelatin 
Nanoparticles: A Practical Approach

7.1  Introduction

Nanostructured materials are usually classified as a product 
with dimensions ranging from 1 nm to 100 nm (although the 
nanoscale goes up to 1000 nm). At this size, the particles may 
develop some unique properties and functions and may easily 
interact with membranes and protein complexes since the usual 
biological target is also at nanometric scale [1].

Among the several possibilities of drug formulation are the 
nanostructured systems. A great number of such systems are 
described in the literature, being the polymeric ones holding a 
special ranking. They are colloidal particles (such as liposomes, 
niosomes, and microemulsions), but may be constituted of natural 
or artificial polymers. Nanoparticles offer many advantages 
over the regular colloidal carriers, including higher stability/ 
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compatibility with biological fluids, enhanced incorporation 
capacity, and protection of the active compound against degradation, 
besides the possibility of controlled releasing. According to the 
preparation method, the active molecules may be dissolved on 
the liquid core or adsorbed in the dense polymeric matrix [2].

Over the past few years, there has been a growing interest on 
gelatin nanoparticles as a drug delivery system. Among the reasons 
for that,  gelatin is classified as Generally Recognized as Safe (GRAS), 
since it is a traditional ingredient used for food purposes. Gelatin 
is a protein polymer easily obtained by acid (type A) or alkali 
(type B) hydrolysis of collagen [4], and characterized by its Bloom 
number. This number represents the pressure needed to depress 
the surface of a gel by 4 mm (higher numbers indicate higher gel 
strength) [5]. Acid is usually employed to prepare gelatin from 
pig or fish skin, while alkali hydrolyzes more complex matrices, 
with heavily cross-linked bounds, such as bovine collagen [4].

Other important points to be considered are its remarkable 
features, such as biodegradability, biocompatibility, non- 
antigenicity, high nutritional value, abundant renewable sources, 
among others [6].

7.2  Preparation methods

7.2.1  Desolvation

In this process, a gelatin aqueous solution is added to a desolvating 
agent, usually an organic solvent (such as ethanol or acetone), 
leading to a phase separation and a conformational change in 
protein structure. Then a cross-link agent (usually glutaraldehyde 
or glyoxal) is combined with the formed nanoparticles to promote 
hardening. Other variables of the system can be altered, mainly 
temperature, ionic strength and pH. One of the drawbacks of 
this technique is the high heterogeneity of gelatin weight 
distribution, which results on broad size distribution. In order to 
solve this problem, a second desolvation step may be added, 
removing the low molecular weight gelatin from the reaction 
medium. The drug loading can be obtained either by adsorption 
on the surface after the nanoparticle formation or by entrapment 
during the preparation [2, 6].
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Kaur and Jain [7, 8] have obtained type A gelatin nanoparticles 
through double desolvation method using acetone as a 
desolvating agent and glutaraldehyde as a cross-link agent. The 
formed nanoparticles presented a small particle size (120 nm 
and 173 nm, respectively) and positive zeta potential (18.6 mV 
and 19.83 mV, respectively). In a similar work, other authors 
entrapped rifampicin, but used cystein to neutralize the excess 
of glutaraldehyde. These authors obtained bigger particles 
(250 nm) with a lower zeta potential (15.3 mV) [9].

Others [10] used type B gelatin to produce nanoparticles 
loaded with cysplatin by double desolvation method. The 
authors neutralized the excess of glutaraldehyde with glycine 
and were able to freeze-dry the structures using trehalose as a 
cryoprotectant. The particles presented an adequate size (140 nm) 
and were considered quite stable due to the high zeta potential 
value (–85.8 mV).

Azarmi et al. [11] compared the influence of several factors 
on the formation of gelatin nanoparticles. These authors 
concluded that the desolvating agent, the type of gelatin 
and temperature were the most important factors. Smaller 
nanoparticles were obtained using type B gelatin and acetone as 
the desolvating agent at 40°C. Apparently, the pH was strictly 
correlated with zeta potential, being the optimal conditions at 
the extremes of acidic or alkali ranges. The amount of cross-link 
agent did not produce any effect.

Likewise, Kuntworbe et al. [12] prepared type A gelatin 
nanoparticles, obtaining similar results. In addition, these 
authors evaluated the stability of the nanoparticles. Since the 
nanoparticles were unstable at room temperature, they freeze- 
dried the structures with several cryoprotectants. The results 
showed that the best cryoprotectant was sucrose, which was able 
to stabilize the particles up to 52 weeks.

Nahar et al. [13] compared type A and B gelatins regarding 
entrapment efficiency of amphotericin B. Both systems were 
made using double desolvation technique. The results indicated 
that gelatin type A was more suitable for this purpose and the 
particle size was inversely proportional to the amount of 
glutaraldehyde.

The gelatin nanoparticles are usually cross-linked with an 
aldehyde, such as glutaraldehyde or formaldehyde. Although 

Preparation methods
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those agents help to improve the stability of the nanosystem, 
they possess an intrinsic toxicity. In order to overcome this 
problem, Lam et al. [14] proposed the use of D-glucose as cross- 
link agent. Nanoparticles with Calendula officinalis extract 
presented good entrapment efficiency (74%), satisfactory release 
rate, and particles size around 500 nm.

Won et al. [15] used human recombinant gelatin as raw 
material for the nanoparticle formation and genipin as the cross- 
link agent, less toxic than glutaraldehyde. The obtained 
nanoparticles were considered stable (after 6 months storage) 
and with 250 nm diameter. Fuchs et al. [16] evaluated the effect 
of another possible cross-link agent. These authors successfully 
used transglutaminase, an enzyme isolated from Escherichia coli. 
However, the reaction conditions were slightly different from 
the conventional desolvation protocol. In this method, the final 
nanoparticles suspension was diluted in purified water in order 
to obtain an adequate medium for the enzyme. Qazvini et al. [17] 
also assessed another non-toxic cross-link agent for gelatin. A 
mixture of carbodiimide and N-hydroxysuccinimide (CDI/NHS) 
in water was used, and its cross-link effect was compared with 
glutaraldehyde (GA). CDI/NHS nanoparticles were much smaller 
than the GA ones. Paracetamol encapsulation efficiency was found 
to be 10% and 27% in GA and CDI/NHS, respectively.	

Azimi et al. [18] compared the desolvation process between 
one and two steps on the production of bovine gelatin nanoparticles 
concluding that two steps were more suitable due to the smaller 
particle size and narrower polydispersity index obtained. The 
authors demonstrated that the first desolvation step eliminated 
the low molecular weight gelatin, leading to a more uniform 
matrix. This fact has already been reported before by Coester 
et al. [19], who firstly described the two steps desolvation method.

Ofokansi et al. [20] introduced a single-step desolvation 
protocol using a hydroethanolic alcalinated solution instead of 
acetone. The final nanoparticles presented a proper size (around 
300 nm) and moderate zeta potential (–20 mV).

Another interesting feature of the gelatin nanoparticles is 
the possibility of conjugation with other chemical moieties. For 
instance, Jain et al. [8] produced the nanostruture by double 
desolvation method followed by conjugation with mannose. The 
mannosylation process allows the nanosystem to be recognized 
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by several cell receptors in order to drive a molecule to a 
specific target.

7.2.2  Emulsification-Solvent Evaporation

In this method, nanoparticles are formed by adding an aqueous 
solution containing both gelatin and the drug to an oil phase 
(paraffin oil, castor oil, olive oil, polymethylmethacrylate (PMMA), 
etc.) followed by cross-linking. This process is usually performed 
in ultrasonic bath or in high-speed homogenizer. At the end, 
the oil phase is removed by extraction with organic solvents. 
Protein concentration, water/oil ratio and emulsification time 
dramatically influence the particle size [2, 6].

Several authors [21–23] have used gelatin dissolved in 
phosphate buffer solution as the aqueous phase and PMMA 
dissolved in chloroform/toluene as the oil phase. Then, the aqueous 
phase was mixed with the oil phase by high-speed homogenizer 
and the final solution was cross-linked with glutaraldehyde. 
The nanoparticles were extracted with toluene and acetone, and 
their particle size was on 100–200 nm range.

Regarding another similar process [24], paraffin was used as 
the oil phase with comparable results. These authors also 
impregnate the nanoparticles with iron oxide in order to obtain 
a magnetized system focusing on drug targeting.

7.2.3  Reverse-Phase Microemulsion

This approach uses an aqueous solution of gelatin combined with 
an emulsifier dissolved in a non-polar solvent. This surfactant 
forms reverse micelles where its hydrophobic portion is driven 
by the non-polar solvent and the hydrophilic moiety encloses the 
aqueous solution. After cross-linking the solvent is evaporated, 
recovering the nanoparticles [25].

Gupta et al. [25] used sodium bis(2-ethylhexyl sulfosuccinate) 
as a surfactant diluted in hexane, followed by the addition of 
gelatin and glutaraldehyde as the cross-linker. The mixture was 
stirred overnight and the nanoparticles were recovered after 
evaporating the hexane and precipitation with acetone-methanol. 
Following this procedure, the nanoparticle sizing was around 
37 nm.

Preparation methods
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7.2.4  Nanoprecipitation

Nanoprecipitation, known as the solvent displacement or 
interfacial deposition, is a simple and fast technique which uses a 
low organic solvent amount and produces relatively small 
nanoparticles with a narrow polydispersity index [26, 27]. 

In this method, both gelatin and drug are solubilized in 
water (solvent phase) and this solution is slowly added under 
stirring over a miscible non-solvent containing a stabilizer agent 
(e.g., polyvinyl alcohol or poloxamer 188). It is very important 
that the polymer (gelatin) is not soluble in the non-solvent, 
leading to the precipitation of the nanoparticles on the interface 
[26, 27].

Khan et al. [28] optimized the nanoprecipitation technique 
for gelatin nanoparticle preparation varying several parameters 
of this process. They verified that polysorbate 20 and 80 were 
unsuitable stabilizers, whereas poloxamer 188 and 407 could 
be used at a minimum concentration of 7%. Regarding the 
nanoparticle formation, methanol and ethanol could be successfully 
used as non-solvents, while isopropyl alcohol, acetone, and 
acetonitrile caused a great aggregation. The average size at 
optimal conditions was 250 nm.

These results are similar to those found by Lee et al. [29] 
who worked in analogous conditions, using ethanol and 
Poloxamer 407. The authors were also able to successfully 
encapsulate antibiotic agents (gatifloxacin) and a muscle relaxant 
(tizanidine). Both articles used glutaraldehyde as the cross-link 
agent.

7.2.5  Self-Assembly

The hydrophilic structure of gelatin can be conjugated with 
hydrophobic molecules, forming an amphiphilic polymer. This 
polymer is able to self-assemble in an aqueous environment, 
forming a micelle-like structure entrapping hydrophobic 
compounds into the core [30].

Chen et al. [31] evaluated the influence of gelatin and catechin 
concentration on the formation of self-assembled nanoparticles. 
The authors concluded that higher catechin concentrations 
contributed for a less negative zeta potential (i.e., less stability) 
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because the proton dissociation of this flavonoid counterbalanced 
the negative zeta potential of gelatin. In contrast, lower catechin 
concentrations increased the mean particle size, because the excess 
of gelatin molecules entangles the surface of the nanoparticles.

Li and Gu [32] performed a similar experiment using 
purified pomegranate ellagitannins (PPE), and assessing other 
experimental variables such as temperature, pH and reaction time. 
According to the results obtained, they established that the ideal 
PPE: gelatin mass ratio was around 6:5. Regarding the pH, no 
nanoparticle formation was obtained on the pH extremes, being 
the ideal pH values between 4.0 and 5.3 (correspondent to small 
particle size and high zeta potential). Another important issue 
was the temperature influence since below 20°C or above 30°C 
might result in large or unstable nanoparticles (depending on 
PPE:gelatin mass ratio).

7.2.6  Layer-by-Layer Coating

This is not a nanostructure building technique, but rather a 
procedure to modify the surface of already formed nanoparticles. 
In this system, the surface charge of the particles are characterized 
and then incubated in a solution containing the opposite charge 
(i.e., if the particle has positive surface charge, it will be 
incubated in a polyanion solution). Due to the adsorption of 
these electrolytes, the surface charge is reversed. The particles 
are then rinsed with water and incubated again with other 
electrolyte solution. This process aims to anchor the drug 
between the layers of electrolytes [33, 34].

Shutava et al. [34] produced gelatin nanoparticles by two- 
step desolvation method. After that, the authors performed 
several layer-by-layer coatings on the formed structures using 
polyanions/polycations combinations. They verified that the 
coating increased the particles size only by 20 nm. This represents 
a viable approach to encapsulate substances with the most diverse 
physicochemical features and to control the drug release profile.

7.3  Uses

Lai et al. [35] developed a collagen skin equivalent embedded 
in gelatin nanoparticles containing several angiogenic growth 
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factors (vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), basic fibroblast growth factor 
(bFGF) and endothelial growth factor (EGF)). The aim of this 
work was to produce an artificial system to supply those factors 
for the treatment of chronic wounds. The results indicated a 
satisfactory releasing rate, with an initial delivery of EGF and 
bFGF, accelerating the epithelialization, followed by the release 
of PDGF and VEGF in a later stage, inducing the blood vessels 
growth. Authors concluded that this could be a powerful tool 
to restore the properties of the damaged skin.

This same wound healing potential was evaluated by others 
[36] who used a bi-layer nanoparticles. This structure had an 
external core constituted of gelatin nanoparticle with an inner 
core of poly vinyl alcohol hydrogel combined with epigallocatechin 
gallate. The system demonstrated a suitable releasing profile and 
was able to induce angiogenesis and re-epithelialization, leading 
to a faster healing rate.

Gelatin nanostructured system was used to encapsulate the 
aqueous extract of Centella asiatica with good efficiency (67%). 
The crude extract was able to reduce the expression of 
metalloproteinase type I (MMP-1) (enzyme related with the 
extracellular matrix degradation) on UV irradiated fibroblasts. 
However, when the extract was incorporated into the gelatin 
nanoparticles, the activity was enhanced. Another interesting 
feature was the penetration across the skin. The encapsulated 
extract showed accumulation in the dermis and a doubled flux 
compared to the crude extract. These results demonstrated the 
possible application of this complex system for cosmetic and 
dermatological purposes [37].

7.3.1  Ilex paraguariensis Extract Gelatin Encapsulation

Ilex paraguariensis St. Hilaire (Aquifoliaceae), popularly known 
as yerba mate, is a South American plant, broadly harvested in 
northeastern of Argentina, south of Brazil and east of Paraguay. Its 
aerial parts are used to prepare a tea recognized by its stimulant 
properties and particular flavor [38].

Some authors [38] confirmed the presence of high amounts 
of chlorogenic acid derivatives, such as 5-caffeoylquinic acid, 3,5-
dicaffeoylquinic acid and 4,5-dicaffeoylquinic acid in the aqueous 



273

extract of mate leaves. These compounds have received particular 
attention due to the antioxidant properties and its role on 
preventing several conditions, including UVB induced erythema 
[39, 40], and especially atherosclerosis and cancer. Interestingly, 
chlorogenic acid has a chemical structure similar to classic 
sunscreens, such as octyl methoxycinnamate (Parsol MCX). In fact, 
its sun protection factor (SPF) was considered the highest among 
several natural compounds [41].

Considering the promising results of sunscreen activity 
previously described for Ilex paraguariensis extract, a formulation 
was developed with this extract. This formulation should enhance 
the skin permeation of some extract components, enabling 
the extract to act as sunscreens (on skin surface) as well as 
photochemoprotectors (in the deeper layers) by preventing, 
slowing, or reversing UV radiation induced lesions [42].

The concentration gradient drives the passive permeation of 
the molecules through the skin, while the physicochemical 
properties of the compound, such as the solubility on the 
dosage form, partition coefficient between vehicle and skin and 
molecular weight influence the rate and extent of permeation 
[43]. Many photoprotective compounds of the hydroethanolic 
extract are hydrosoluble and with impaired cutaneous 
permeation due to the low affinity of these compounds with the 
skin [44]. To solve this problem, the design of a gelatin based 
nanostructured system was selected.

Regarding the methodology, gelatin (0.5 g of type B bovine 
gelatin) was solubilized in 10 mL of milliQ water (water bath at 
40°C) followed by slowly addition of 2.5 mL of acetone under 
stirring. The mixture was allowed to rest during 10 min and the 
supernatant was discarded.

The precipitate was resuspended with 25 mL of milliQ water 
under stirring (40°C) and pH adjusted to 2.5. After that, 100 mg 
of hydroethanolic extract of Ilex paraguariensis (previously 
solubilized in water) and acetone were slowly incorporated (40°C 
under stirring) until the remaining solution turned bluish grey. 
Finally, 200 µL of glutaraldehyde was added and the acetone was 
evaporated under stirring at 40°C.

The nanoparticles were characterized by size determination, 
zeta potential, and encapsulation efficiency. For size and zeta 
potential determination the sample was properly diluted in 
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milliQ water and the reading was performed twice at 90° 

angle (stabilization time: 5 min) on Beckman Coulter Counter 
(Brea, CA, EUA) and Malvern zetasizer (Worcestershire, UK), 
respectively.

For the encapsulation efficiency, chlorogenic acid and caffeine 
were used as extract biomarkers [45]. Nanoparticles suspension 
(100 µL) was added to 900 µL of metaphosphoric acid 10%, 
and the mixture was centrifuged at 10,000 rpm during 4 min and 
the supernatant analyzed by HPLC. Briefly, the system was 
constituted of a Constametric pump model 3500 (Fremont, CA, 
EUA), a Rheodyne 7125 manual injector (Contati, CA, EUA) with 
20 µL loop and a UV-Vis Lab Alliance detector model 525 
(San Jose, CA, EUA). Separation was carried out using 0.2% 
metaphosphoric acid:acetonitrile (80:20 v/v) as the mobile phase, 
flow rate at 1 mL/min and wavelength detection at 330 nm and 
275 nm for chlorogenic acid and caffeine, respectively [45]. For 
the quantification of free material (non-encapsulated) a new 
fraction of nanoparticles suspension was filtrated through a 
Millipore Amicon 100 K membrane and the solution was analyzed 
as described above.

The results of particle size, zeta potential and encapsulation 
efficiency are presented in Table 7.1.

Table 7.1	 Particle size, encapsulation efficiency and zeta potential 
of gelatin nanoparticles containing Ilex paraguariensis 
hydroethanolic extract

Size 
(nm)

Polydispersity 
index 

Zeta potential 
(mV)

Encapsulation 
efficiency (%) 

Blank 153 0.166 +16.0 —

Encapsulated 263 –0.182 +13.4 Chlorogenic acid: 9.4
Caffeine: 7.4

In order to evaluate the formulation stability after dryness, 
an aliquot of the nanosuspension was dried at room temperature 
in an Eppendorf 5301 concentrator (Hamburg, Germany). After 
this procedure, the material clotted becoming insoluble. To solve 
this problem, glucose and sucrose were chosen as stabilizers 
at different concentrations [46] and added to 100 µL of the 
suspension. After dryness, the material was resuspended and 
analyzed regarding its size and polydispersity index.

The results are presented in Table 7.2.
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Table 7.2	 Particle size after resuspension of nanoparticles stabilized 
by sucrose or glucose

Sugar 
amount (mg)

Glucose Sucrose

Size (nm)
Polydispersity 
index Size (nm)

Polydispersity 
index

10 614 0.385 350 0.112
20 829 –0.896 274 –0.057
40 304 –0.153 258 0.094
100 274 –0.063 267 0.021
200 261 –0.040 259 0.338

Based on the Table 7.2, 40 mg of sucrose was the minimum 
amount of sugar necessary to keep the nanoparticles size stable, 
and therefore it was chosen as the best dryness condition. The 
nanoparticle suspension was also considered stable when stored 
at 4°C during 60 days regarding the particle size (data not shown).

In summary, these preliminary studies will continue in order 
to improve the formulation development and characterization 
of gelatin nanoparticles containing Ilex paraguariensis 
hydroethanolic extract, including topical delivery studies.

In conclusion, gelatin nanoparticles can be obtained by 
different procedures and can be generally considered stable 
systems which may be a good option to incorporate a whole sort 
of bioactive compounds. This delivery system has opened new 
perspectives on reaching and targeting hydrophilic molecules 
to the living entities.
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Lipid Vesicles for Skin Delivery: Evolution 
from First Generation

8.1  Introduction

Skin is the largest human organ, and although topical administration 
is a promising route, it acts as an extraordinary main barrier for 
drug delivery, diffusion, and bioavailability [1]. The horny outermost 
skin layer, stratum corneum, is the major permeation obstacle for 
most molecules, especially hydrophilic ones, mainly due to 
corneocytes cells with less than 10–30% water content and 
intercellular lipid matrix [1, 2]. The stratum corneum structure 
has been described as “brick and mortar model” that represents 
the corneocytes and the surrounding intercellular lipids [3].
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Topical formulations can be advantageous for being easily 
administrated with a minimal invasion leading to an increased 
patient compliance, and avoiding many variables like stomach 
content, intestinal motility, and first pass metabolism associated 
to oral and rectal administration routes.

Liposomes were the first lipid vesicles introduced by Bangham 
and Horne in 1964 [4]. They found that lipids tend to form vesicles 
in aqueous environment by establishing different interactions 
between them. Van der Waals forces of the apolar chains tend 
to keep the tails together and the hydrogen bonds between the 
water molecules and polar heads lead to the liposomes 
architecture and stabilization [5]. These vesicles have been used 
as models of biological membranes and as carriers of bioactive 
agents in different areas (cosmetics, therapeutics, vaccines, tissue 
engineering, imaging, food technology, etc.) [6]. Several vesicle 
generations have been developed, including vectorization strategies 
to escape from capture by the mononuclear phagocytic system 
(MPS) upon parenteral administration. Among them, the use of 
polyethylene glycol (PEG)-coated liposomes (“stealth liposomes”) 
is one of the most studied approaches. Other targeting strategies 
consist of the inclusion of immunoglobulins, ligands, peptides, 
glycoproteins, growth factors, transferrin, and folate, among 
others, at liposome surface providing an additional targeting 
mechanism to receptors overexpressed in solid tumors [7, 8]. 
In general, liposomes are suitable for intravenous administration, 
but their rigid structure prevents the dermal and transdermal 
drug delivery [9]. The impaired skin drug delivery by this system 
has led to a demanded progress on their design [10, 11]. Therefore, 
a new type of vesicles called elastic or (ultra) deformable 
liposomes/vesicles (UDV) was developed. Lipid vesicles can have 
unilamellar or multilamellar concentric arranged bilayers. Their 
structure is composed by a hydrophilic core surrounded by a 
lipid bilayer that can contain a surfactant or an edge activator 
[12]. Hydrophilic drugs can be encapsulated in the aqueous 
core while lipophilic, amphipathic, and charged drugs can be 
incorporated in the lipid bilayer by hydrophobic and electrostatic 
interactions, respectively [12, 13]. 

UDV have numerous advantages to promote a non-invasive 
skin dermal and/ or transdermal delivery; to present high 
thermodynamic stability and elasticity; to be able to carry 
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proteins, peptides among other larger molecules; to be easily 
produced in large scale; and to improve patients compliance, 
etc. [2, 12, 14]. However, some of these systems present limited 
physical stability hampering the existence of these systems in 
the market [10, 15].

Transfersomes, the first described UDV, were introduced by 
Cevc and Blume in 1992 [16]. These vesicles are characterized 
by having an edge activator (surfactant) responsible for their 
deformability allowing a deeply skin penetration [16]. In 2000, 
Touitou et al. presented another deformable lipid system, 
Ethosomes, with high ethanol content [9], and more recently in 
2012, Song et al. introduced Transethosomes as a promising 
combination of Transfersomes and Ethosomes [17]. In addition, 
many other UDV have been investigated as well [18]. 

In this chapter, the evolution of lipid vesicles as drug 
delivery systems is described and summarized. Their potential 
as nanocarrier systems will be highlighted as well as their actual 
and future applications for the development of new cosmetic, 
therapeutic or diagnostic strategies for several skin disorders 
and/ or diseases.

8.2  Vesicles Composition

Lipid molecules such as phospholipids and cholesterol are the 
major components of the vesicular carriers [12]. Several factors 
related to the lipid molecules have a great influence on the 
drug incorporation and stability. Among them, the hydrophobic 
carbon tail, concentration and acidity of phospholipids are the 
most important factors [19]. The nature and type of lipid vesicle 
bilayers influence the incorporation efficiency of lipophilic drugs 
by affecting their partitioning coefficient and solubility. On 
the other hand, the encapsulation of hydrophilic compounds 
depends on the aqueous volume core that is closely related to 
the preparation method and also to the thickness and polarity of 
the vesicles membrane [20]. Although cholesterol endorses 
rigidity in the bilayer structure of liposomes prepared with fluid 
phospholipids, its presence may result in high encapsulation levels 
of hydrophilic drugs in the aqueous compartment by reducing the 
permeability of lipid bilayers. [21]. In addition, the environmental 
pH can also modify the drug-vesicle interactions [20].

Vesicles Composition



284 Lipid Vesicles for Skin Delivery

The phospholipids mainly used for the lipid vesicles preparation 
are phosphatidylcholine from egg yolk or soybean, hydrogenated 
phosphatidylcholine, phosphatidylethanolamine, phosphatidyl 
glycerol, phosphatidyl inositol, phosphatidylserine, phosphatidic 
acid which are constituted by a complex mixture of fatty acids 
(C14–C20) [10, 22]. These phospholipids are constituted by two 
hydrophobic fatty acid chains or tails, a glycerol backbone and a 
polar head group. The purity, chain length and saturation degree 
affect the phase transition temperature (Tm ) of the phospholipids 
[6, 23]. Tm corresponds to the temperature at which a particular 
phospholipid changes from a condensed gel-state (compressed 
and ordered structure) to a liquid-crystalline and less ordered 
condition. Shorter and unsaturated hydrocarbon chains present 
lower Tm. This can be justified considering that in unsaturated 
fatty acids, C=C bonds have less free energy than C–H bonds and 
the interactions among shorter acyl chains are also weaker when 
compared to longer chains. Liposomes prepared only phospholipids 
and maintained at a temperature lower than Tm are in a gel-state 
being lipid bilayers in a rigid, compressed and ordered structure. 
An increase of the temperature for higher values than Tm will 
enable movements of the lipid bilayers and the disordered state 
may consequently influence the stability of liposomes in terms of 
release of incorporated material. The modification of the 
apolar and polar regions leads to the synthesis of more stable 
phospholipids than the respective natural forms. Examples of 
synthetic lipids are dipalmitoyl phosphatidylcholine, dimyristoyl 
phosphatidylcholine, distearoyl phosphatidylcholine, hydrogenated 
soy phosphatidylcholine, 1-palmitoyl-2-oleoyl-snglycero-3-
phosphocholine,1-palmitoyl-2-stearoyl(5-doxyl)-sn-glycero-3-
phosphocholine,1,2-dioleoyl-snglycero-3-phosphocholine, 1,2-
distearoyl-sn-glycero-3-phospho-(10-rac-glycerol), 1,2-dipalmitoyl-
sn-glycero-3-phosphoglycero and 1,2-distearoyl-sn-glycero-3-
phosphate [6].

Concerning the UDV preparation, unsaturated 
phosphatidylcholine from soybean or egg yolk are usually used 
due to its lower Tm (<0°C), contributing to the lipid bilayers 
fluidity and vesicles elasticity [23]. In addition, this property is 
also enhanced by the inclusion of edge activators in lipid 
composition which significantly reduces the Tm as well. In fact, 
the modification of this parameter could be the key factor to 
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obtain both vesicular flexibility and stability [23]. The chemical 
and physical characteristics of the edge activator also influence 
the penetration and permeation through the skin layers besides 
affecting the drug interaction with the vesicle bilayer [24]. The 
main edge activators are alcohols (e.g., ethanol and isopropyl), 
amides (e.g., azone), several esters, glycols (e.g., propylene glycol), 
several fatty acids (e.g., oleic acid), sulfoxides (e.g., dimethyl 
sulfoxide (DMSO)), anionic (e.g., sodium lauryl sulfate, sodium 
cholate and sodium deoxycholate), cationic (e.g., ammonium halides) 
and nonionic surfactants (e.g., Brij®, Tweens® and Spans®) [25, 26]. 
The ingredients of vesicular formulations should be chosen 
according to their characteristics and optimized on a case-by-case 
manner (e.g., amount and ratio of PC: surfactant; surfactant type, 
preparation method, etc.). A multifactorial and space design analysis 
should be used to further study the variables of the formulation 
development. For example, the concentration of the edge activator 
should be high enough to guarantee the vesicles flexibility but 
below the critical micellar concentration (CMC) [23]. Phospholipids 
with compact and short chains tend to form micelles [6]. Mixed 
micelles have usually low drug entrapment efficiency due to their 
low elasticity and small size. The hydrophilic/lipophilic balance 
(HLB) value of edge activator should also be considered during 
the formulation studies [23]. A lower HLB may contribute to 
decrease the vesicles size [23]. Finally, nonionic surfactants would 
be preferred in order to prevent toxic effects even though a lower 
electrostatic repulsion between vesicles will be obtained.

The composition of the aqueous phase is also another 
important subject. Actually, the osmotic gradient may influence 
the permeability and elasticity of UDV probably by modifying 
the area per lipid on the membrane surface. The pH value of the 
vesicular formulation also optimizes the UDV properties. It was 
reported a higher flux for acidic formulations (pH 5) [27].

Other components could also be added in lipid vesicles 
formulation, such as PEG (for steric stabilization, higher skin 
permeation and active targeting by coupling ligands to the 
terminus of PEG molecules); cyclodextrins (for hydrophobic 
drugs incorporation in the aqueous vesicle core); DMSO (as 
permeation enhancer), and polymers like Carbopol® (for rheology 
improvement especially for topical administration) [6, 23]. Poly 
(aminoacid)s, heparin, dextran and chitosan were also suggested 

Vesicles Composition
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to replace PEG. Antioxidants, complexing agents (EDTA) and 
inert atmosphere (N2) should also be used to prevent the lipids 
hydrolysis and oxidation [6].

8.3  Preparation Methods

Liposomes can be classified according to the preparation method, 
lamellarity and size: unilamellar vesicles (ULVs) (25 nm to 1 μm), 
multilamellar vesicles (MLVs) (0.1–15 μm), oligolamellar vesicles 
(OLV) (0.1–1 μm), multi-vesicular vesicles (MVV) (1.6–10.5 μm) 
large unilamellar vesicles (LUV) (100 nm to 1 μm) and small 
unilamellar vesicles (SUV) (25–50 nm) [6].

The preparation method influences size, lipid vesicles 
structure and stability of incorporated molecules. Several 
preparation methods have been applied to produce liposomes 
with different arrangements (Fig. 8.1). The classic, thin-film 
hydration method includes the formation of a lipid film after 
evaporation of organic solvents followed by the addition of an 
aqueous solution (hydration step) [28]. The final steps include 
the homogenization and stabilization processes. Sterilization 
and separation of the non-incorporated drug fraction can also be 
done. The thin film hydration method produces heterogeneous 
MLVs and allows the use of several types of lipids at high 
concentrations. It is the simplest method to encapsulate hydrophilic 
or hydrophobic compounds [6]. Nevertheless, it appears to have 
some disadvantages including the heterogeneous vesicular size 
and shape obtained as well as the requirement of size reduction 
techniques and the use of organic solvents [11].

Different mechanical procedures may be performed in order 
to obtain homogenous mean size lipid vesicles. The French press 
technique is based on the application of a very high pressure on 
multilamellar or LUV that have to pass through a small orifice. 
It is possible to obtain SUV, being this method suitable for either 
sensitive lipids or drug molecules. Some drawbacks of this 
technique are the use of very high working pressures and 
achievement of larger vesicles than those produced by sonication. 
In addition, it is not indicated for large-scale production [29].  
Although vesicles sonication by ultrasonic waves is a simple 
process and can be used to obtain small size vesicles, it is not 
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suitable for unstable molecules due to a high risk of lipid or drug 
degradation. In addition, a low entrapment efficiency is usually 
obtained [30]. Freeze-thawed method leads to the formation 
of unilamellar vesicles, being the lipid concentration and ionic 
strength the major factors that influence this method [7]. The 
most widely performed downsizing method is the Extrusion 
through polycarbonate membranes mainly because of its high 
reproducibility. The size of the track-etched pores, the number 
of extrusion cycles and the applied pressure will influence the 
homogeneity of the vesicles mean size [31]. The pressure applied 
to liposomal suspension can be created using an inert gas such as 
nitrogen [11]. Different extrusion systems are marketed enabling 
the production of liposomes from 1 mL scale to several liters 
either at discontinuous or continuous flows [11, 32].

Some methods of lipid vesicles production have in common 
the removal of organic solvents. The ethanol or ether injection 
method is one of them, and it is based on the ability of 
forming lipid vesicles when an organic solvent solubilizing the 
phospholipid mixture is further injected into an aqueous 
environment. Although the final step includes the organic solvent 
evaporation or tangential flow filtration, the final product may 
contain residues of these organic solvents. Nevertheless, this rapid, 
simple and reproducible method allows sterilization and avoids 
the chemical or physical treatment of lipids [6, 32]. The major 
advantage of this method is the possibility of incorporating large 
proteins or antigens in the lipid bilayer [33]. Hydration of dried 
and lyophilized, free-flowing granular particles containing the 
mixture of phospholipid and the drug (proliposomes) with water 
or organic solvent that can be further removed by rotatory 
vacuum evaporation, fluidization or spray dryer [34–36]. Although 
the time procedure can be extended, these dried vesicles have 
an enriched stability [36].

Reversed phase evaporation is another method which 
consists of the initial dissolution of phospholipids in organic 
solvents followed by water addition under stirring to obtain a  
water-in-oil emulsion followed by evaporation of the organic 
phase [37]. The major advantage of this technique is the 
commonly high drug incorporation efficiency obtained despite 
drug exposure to organic solvents [6, 38].

Preparation Methods
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Figure 8.1 Lipid vesicles preparation methods [47]. 
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Figure 8.1	 Lipid vesicles preparation methods (adapted from [47]).

Detergent removal method using bile salts and alkyl glycosides 
for lipid solubilization is also used to produce micellar systems 
incorporating proteins in the lipid bilayer. The detergent can be 
removed by dialysis or column chromatography with possible 
separation of low molecular weight molecules [39].

Microfluidic methods, involve fluid flow through channels in 
the range of 5–500 µm using flow focusing, pulsed jet, thin film 
hydration and microfluidic droplets techniques. Altering the 
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flow rate, size, polydispersity index and encapsulation efficiency 
can be modified [40]. The major advantage of this method is 
dispensing a rigorous volume of liposomal formulation and  
achieving a precise control of size distribution. Although 
monodisperse vesicles are obtained in a continuous operating 
mode, more extensive studies are still needed to solve certain 
scale-up issues [41].

The use of dense gas or supercritical fluids like carbon 
dioxide is another method for lipid vesicles formation with the 
possibility of replacing organic solvents leading to more effective 
purification steps besides the ability of solubilizing a wide range 
of drugs in a continuous operating mode. Some drawbacks include 
the use of a high pressure and the initial costly investment [42]. 

Drug loading can be obtained either passively or actively 
if the drug is encapsulated during or after liposome formation, 
respectively. The active loading is used for encapsulating 
molecules in preformed liposomes by creating a pH and/or salts 
gradient between the intra and extra-liposomal medium. This 
technique has been applied for encapsulating bases or weak acids. 
It presents several advantages, over passive methods, such as  
increased entrapment efficiency, drug stabilization in the aqueous 
space of liposomes, reduced and controlled drug release, and 
possibility of extemporaneous preparation [43].

Regarding UDV preparation, above-mentioned techniques may 
be applied. However, for Transfersomes some details are specific 
for these UDV. After mixing all the components under stirring 
for several days, the application of several freeze and thawing 
cycles is commonly used [44]. In the case of Ethosomes, they can 
be prepared by the addition of the aqueous phase drop by drop 
to the mixture of lipid and ethanol solubilized under stirring 
at 30°C (cold method), or the addition of ethanol drop by drop 
to the lipid mixture and aqueous phase at 40°C (hot method) 
[2, 9]. Filtration under nitrogen pressure through polycarbonate 
membranes for size homogenization (150 ± 50 nm), and 
eventually sterilization through 0.2 µm filter under aseptic 
conditions can also be performed [45]. However, this sterilization 
process is not effective in removing virus [6]. Concerning 
Transethosomes, the production method is quite similar to 
Ethosomes preparation; the difference lies in the addition of a 
surfactant to the lipid mixture [17]. UDV may suffer irreversible 
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aggregation when rehydrated after freeze-drying even in the 
presence of a high concentration of cryoprotectants (sugars such 
as trehalose) [46]. Therefore, these vesicles should be stored in 
its liquid/ gel state preferentially at 4°C.

Nowadays, the transfer of technology to industry is primarily 
focused on large-scale production of liposomes. A strict control 
of the final products is required to ensure the predictable 
therapeutic effect of liposomal formulations. For this achievement 
several quality criteria have to be defined during the all 
process, such as unwanted by-products like residues of organic 
solvents, degradation products, drug release, instability, pyrogens, 
endotoxins, and sterility conditions. Alternative strategies, such 
as lyophilization and production processes in closed containments 
equipped with sterile filter barriers, are currently used by industry 
to solve some of the above-described problems [11].

Real-time, high sensitive and low-costing monitoring devices 
are useful for the quality control. Nowadays, quality cannot any 
longer be tested simply on the final medicinal product, but it 
should be performed during the all process to improve the 
product quality and manufacturing efficiency [48].

8.4  Vesicles Characterization

The characterization of lipid vesicles often involves the use of 
several methodologies, including physical, chemical, and biological 
techniques [12].

Physical characterization corresponds to the analysis of the 
vesicles structure, several parameters, such as shape, lamellarity, 
size, zeta potential, elasticity, fluidity, viscosity, crystalline or 
amorphous state, etc. Morphological examinations are frequently 
performed by optical microscopy for large MLV, and transmission 
and scanning electron microscopy for smaller vesicles [48]. 
Laser diffraction using dynamic light scattering or photon 
correlation spectroscopy allows obtaining the vesicular size and 
polydispersity index (PdI) by measuring the volume of equivalent 
spheres [49]. PdI should present a value below 0.2 corresponding 
to a homogeneous population. Nanoparticle tracking analysis is 
a recently developed method that simultaneously records size, 
aggregation, zeta potential, and enables the use of florescent probes 
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[50]. Zeta potential determined by laser Doppler anemometry 
or electrophoresis allows the study of the superficial charge that 
influences both stability and adhesive properties to the skin of 
the lipid vesicles included in topical formulations. High zeta 
potential values (negative or positive) stimulate the vesicles 
repulsion avoiding their aggregation. Consequently, it will lead to 
constant mean size and PdI [51]. The deformability or elasticity 
is a crucial topic to evaluate the ability of the vesicles to 
overpass pores with much lower diameter than their mean size. 
Extrusion method and filtration under pressure are the usual 
techniques used to evaluate the deformability index. These 
methods allow an initial and indirect in vitro prevision of the 
skin permeation and penetration of the tested formulations [12, 52]. 
The surface tension influences the vesicles elasticity, and 
can be determined by capillarity methods [49]. Fluorescence 
anisotropy using polarized excitation light is inversely correlated 
with lipid bilayer fluidity of the vesicles which can also affect 
drug release [53]. Viscosity evaluated through rheological analysis 
is an additional parameter to be considered regarding its influence 
on the formulation stability, spreadability, and drug release 
profile. [54–56]. Differential scanning calorimetry can also be 
employed for thermal studies of both interactions between 
drug and excipients as well as lipid vesicles and skin, according 
to the alteration of the Tm as well as endothermic and/or 
exothermic events [49, 57]. X-ray diffraction can be performed 
for analyzing the crystalline or amorphous state of the carrier [58].

Concerning the chemical characterization, the entrapment 
efficiency is the most important parameter [59]. Several factors 
may influence the loading capacity of the vesicles, namely the 
pH, drug polarity, type, and concentration of both lipid and/or 
edge activator selected. Regarding the drug polarity, hydrophilic 
(Log Poct < 1.7) and hydrophobic (Log Poct > 5) molecules will 
be preferably entrapped in the aqueous core and in the lipid 
membrane, respectively [6]. Consequently, higher entrapment 
efficiencies are obtained for all hydrophobic drugs. This drawback 
could be minimized by proliposomal formulations. Gupta et al. 
[60] have proposed a liquid protransfersomal formulation which 
is only converted to Transfersomes in situ by absorbing water 
from skin. The determination of entrapment efficiency is based 
on the drug and lipid quantification being HPLC or 

Vesicles Characterization
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spectrophotometry the most commonly used techniques [61]. 
A crucial step is the separation of the non-incorporated drug by 
ultracentrifugation, gel filtration or dialysis methods [49]. The pH 
evaluated by potentiometry affects the molecules ionization, and 
consequently its interaction and entrapment efficiency. The pH 
level should be suitable for achieving a balance between 
formulation properties and biological applications, including the 
administration route [25, 62]. Besides the differential scanning 
calorimetry, Fourier transform infrared spectroscopy is also 
used to study the chemical interactions between molecules and 
the influence of the lipid vesicles in the stratum corneum 
destabilization [56].

Both physical and chemical characterizations can be carried 
out during real-time or in accelerated stability conditions at 
different temperatures, relative humidity percentage, and exposure 
to light and air (e.g., evaluation of peroxidation) according to the 
guidelines Q1A ICH. According to the results from these studies, 
it is possible to estimate the optimal storage conditions [63].

Biological characterization includes the microbiological 
stability, safety, and biological activity. The microbiological stability 
is usually performed in aerobic and anaerobic conditions using 
suspension or adherent cell cultures. Intravenous formulations 
can be sterilized by filtration through 0.2 μm membranes or 
prepared under aseptic conditions. These formulations should 
also be free from any endotoxins/pyrogens.

Flow cytometry could be used for the assessment of apoptosis 
and necrosis (cytotoxicity assays) in order to ensure the safety 
and biocompatibility of the drug-loaded lipid vesicles [64]. For cell 
internalization studies, bio-imaging assays using bioluminescence 
compounds and fluorescence confocal microscopy are also used 
[65]. These methods are quite rigorous and allow a more complex 
study compared to the in vitro classic methods.

The biological activity and safety of the vesicular formulations 
are tested through in vitro and in vivo studies. Different cell lines 
can be used including keratinocytes, melanocytes, or fibroblasts 
(for topical use), and for the treatment of certain parasitic 
diseases, Leishmania and fungal dermatophytes like Trichophyton 
rubrum and T. Mentagrophytes depending on the proposed study 
[53, 66–68]. Different animal models can also be used to evaluate 
the pharmacological effect [69].
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Topical delivery of vesicular formulations can be characterized 
by in vitro, ex vivo, and in vivo experiments [49]. In vitro and 
ex vivo experiments allow the determination of the delivery/ 
release and bioavailability/permeation of topical formulations. 
To perform these studies Franz type diffusion cells are employed 
using synthetic membranes such as cellulose, silicone or 
polysulfone with different pore sizes as well as human or animal 
skin. Fluorescent probes (e.g., rhodamine) can be incorporated 
in lipid vesicles to assess carrier skin retention. An important 
aspect is the selection of the appropriated receptor phase, a buffer 
that ensures both physiological and sink conditions according 
to the regulatory guidelines [61, 70, 71]. The permeation profile 
will depend on the amount of drug present in the receptor phase 
or blood through in vitro and in vivo experiments, respectively. 
Tape striping studies are recommended to evaluate the penetration 
profile of the lipid vesicles in the different skin layers [70, 72]. 
However, this technique has some limitations, as it is an invasive 
method (i.e., the tissue must be destroyed) and with a difficult 
and variable step of calibrating the amount of tissue removed. 
Thus, this procedure should be rigorously validated. Other 
methodologies like laser scanning confocal microscopy and 
multiphoton excitation fluorescence microscopy with fluorescent 
probes have been used as alternatives to the tape stripping 
technique. These two methods are noninvasive and provide 
information about the skin depth [73]. In addition, confocal 
Raman microscopy and enzyme treatment with trypsin are also 
other possible techniques for the evaluation of skin penetration.

8.5  Pharmacokinetics

The release kinetic is dependent on the entrapped active 
molecule, lipid composition, vesicles preparation method and 
administration route. On the other hand, it should be suitable for 
the intended application, i.e., the entrapped drug should not leak 
out of the vesicles too fast (before reaching the target) or too 
slow (not reaching the therapeutic level) [6].

Intravenous administration is the most common administration 
route for conventional liposomes. Lipid vesicles interact with 
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plasma proteins including opsonins leading to their capture by 
the MPS. High- and low-density lipid proteins may also lead to 
the vesicles disruption and consequently only a small fraction is 
able to reach the site of action. Only in case of a high solubility in 
the body fluids, an increased half-life with a low plasma clearance 
and a selective delivery with low distribution volume, the liposomal 
formulation will have reduced immunogenicity and adverse 
effects [74]. These characteristics can be achieved with PEGylated 
liposomes, also called stealth liposomes, or with ligands at 
liposome surface, targeted liposomes. PEG decreases the 
phagocytosis process and reduces the opsonin adsorption at 
the liposome surface due to the steric stabilization and protection 
of liposomal surface by the chains of this polymer [75, 76]. This 
will lead to an increased circulating time of these vesicles, and 
consequently, there will be a higher possibility of PEG liposomes 
to accumulate at the site of action. In addition, other variables such 
as the pH, temperature, ultrasonic waves, magnetic field and light 
have been investigated in order to improve the target release of 
the therapeutic agent [6]. The major sites of accumulation of 
lipid vesicles are the liver, spleen and solid tumors. This can be 
advantageous if these organs are the intended target. For topical 
administration, rigid liposomes do not penetrate in healthy skin 
in its intact form. However, according to literature, the liposomal 
content has been found in skin layers based on some penetration 
mechanisms (Fig. 8.2). The free drug delivery mechanism is based 
on the ability of free drug molecules (non-incorporated drug 
fraction and remained fraction delivered after the liposomes 
interaction with the skin cells) permeate the skin. Another theory 
is related to the possibility of liposomes to penetrate through the 
hair follicles (transfollicular route) [3]. Adsorption to the stratum 
corneum surface was also demonstrated even though collapsed 
vesicles could be an obstacle by forming a rigid film at the skin 
surface [77]. The penetration enhancing mechanism may explain 
the penetration of both entrapped and non-entrapped drug 
fractions (especially hydrophilic compounds) by the formation 
of new pathways enhanced by osmotic gradient [78]. Although 
the intercellular route is the main one, the transcellular route can 
also occur following the lipid vesicles fusion with the skin cells 
and further drug diffusion [13].
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Figure 8.2	 Skin penetration and cellular uptake of lipid vesicles 
(adapted from Bozzuto and Molinari and Ascenso et al. 
[75, 84]). Skin penetration: (I) Free drug delivery (non-
incorporated fraction); (II) Drug delivery after the vesicles 
fusion with the skin surface; (III) Drug delivery through 
UDV penetration into the skin layers; (IV) Drug delivery 
through UDV penetration into transappendageal route; 
(V) Drug delivery through lipids disruption and UDV 
penetration with a skin enhancer (e.g., ethanol). Cellular 
uptake: (A) Vesicle fusion with cell membrane with content 
release; (B) Adsorption of vesicle on the cell membrane by 
electrostatic interactions (especially with specific ligands); 
(C) Vesicle biding by specific receptors; (D) Endocytosis or 
phagocytosis of lipid vesicles; (E) Lipid exchange between 
vesicle bilayer and cell membrane; (F) Vesicle fusion with 
lysosome with possible drug release; (G) Vesicle fusion with 
endosome and destabilization with possible drug release.

In the case of Transfersomes, the presence of an edge 
activator contributes to the vesicles elasticity, and therefore, 
to a lower energy required for curved structures formation. 
The combination of elasticity properties of these vesicles and 
the hydration driven force (hydrotaxis) which occurs with the 
aqueous phase evaporation from these vesicles applied on skin 
surface (under non occlusive conditions) will contribute for 
Transfersomes to squeeze through intracellular spaces between 
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corneocytes in the stratum corneum in its intact form and to 
achieve the deeper skin layers [77]. The ethanol incorporation 
in both Ethosomes and Transethosomes causes reversible 
perturbations, including the lipids melting and disruption, on 
the cells membrane of the stratum corneum, increasing the skin 
fluidity and permeability. In fact, alcohols are well-known skin 
enhancers which increase the transepidermal water loss [23, 25]. 
Ethosomes, unlike Transfersomes, can be applied under occlusive 
conditions, as it is possible to apply them in transdermal 
patches [10].

Regarding the transdermal delivery, the maintenance of 
the incorporated drug fraction in the vesicles is a key factor 
that affects the penetration and permeation profiles of UDV. 
General requirements to obtain an ideal transdermal delivery are 
compounds with an aqueous solubility higher than 1 mg/mL, 
oil–water partition coefficient between 10 and 1000, molecular 
weight lower than 500 Da, melting point lower than 200°C, 
and formulation pH between 5 and 9 (nonionized form) [79]. 
Besides physical approaches like electrically assisted methods 
(ultrasounds, iontophoresis, electroporation, and magnetophoresis) 
and horny layer removal procedures (microneedles and ballistic 
droplets), lipid vesicles play an important role in the transdermal 
route [1, 80]. The synergistic effect of permeation enhancer 
presence in vesicles formulation has been used to optimize the 
transdermal delivery. The quantification by a mathematical 
equation of such synergy or the extent of interaction is an 
important parameter in pharmaceutical development [81] and for 
transdermal application the synergy should be higher than 1. 
In addition, it was reported that cationic surfactants contributed 
for a higher permeation rate due to the interaction with the 
anionic charge on skin surface [23]. UDV containing 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP) have been shown to 
be a potential formulation for transcutaneous gene delivery [23]. 
Depending on the lipid vesicles properties, carriers may reach 
the systemic circulation via the lymphatic vessels and Langerhans 
cells uptake, and especially when the blood vascularization is 
altered like in tissue inflammation and tumors [82].

Regarding the cellular uptake (Fig. 8.2), lipid vesicles can 
interact with the cells surface by a variety of ways, such as 
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enzymatic reactions, interaction with membrane receptors, lipids 
exchange between cellular and vesicular membranes, absorption 
due to electrostatic interactions (especially on the presence of 
specific ligands on vesicles surface), fusion with the cellular 
membrane, and internalization of vesicles by endocytosis and 
phagocytosis [75]. The vesicles internalization may lead to endo-
somes formation and/or fusion with lysosomes, and consequently, 
to the release of the drug content due to the destabilization or 
degradation of the vesicles membrane [83]. The cellular uptake by 
this last mechanism is not favorable due to the degradative effect 
of lysosomal enzymes and low pH. However, this step enhances 
the release content from pH sensitive lipid vesicles to the 
cytoplasm [59].

8.6  Toxicology

The most used lipid component, i.e., phosphatidylcholine used in 
lipid vesicles formulations is considered to have a GRAS (generally 
regarded as safe) status. However, the chemical modification of 
lipid compounds and the incorporation of other components 
might increase the toxicity of the final formulation [85]. Skin 
penetration promotion by chemical enhancers proportionally 
increases with the possibility of causing lipid disturbance which 
may lead to the keratinocytes cytotoxicity and skin irritation. In 
fact, it is quite challenging to achieve an ideal balance between 
safety and skin penetration enhancer activity [86]. Several in vitro 
and in vivo tests should be performed for each particular drug, 
route of administration and lipid composition to access the safety 
of lipid vesicles formulations [88].

Among in vitro tests, the evaluation of erythrocyte hemolysis, 
platelet aggregation, cytotoxicity (MTT, MTS, or other similar 
assays) and formation of reactive oxygen species after cells 
exposure to vesicular formulation are the most recognized [88]. 
In vivo studies should also be included as the phagocytic index 
determination; pyrogenicity determination by rabbit body 
temperature control after the formulation administration or by LAL 
(limulus amebocyte lysate) test; systemic and topical tolerability 
(e.g., acute dermal toxicity), and monitoring survival tests [43, 
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85, 87]. The choice of these tests will depend on the therapeutic 
activity and administration route of the vesicular formulation. 
For example, a recent study evaluated the genotoxicity and gene 
expression in rats after intravenous administration of cationic 
empty liposomes. Even though any hepatic toxicity was observed, 
it was found DNA damage in lung cells followed by inflammatory 
cytokines release (IL6 and CCL2) [88]. These results might be 
associated to the superficial charge of liposomes that could affect 
the intracellular components [89].

In recent years, a new application of lipid vesicles has been 
used as a model for toxicological evaluation of xenobiotics [92]. 
These studies tend to biomimetic the fluid mosaic model of 
cytoplasmatic membrane by replacing the traditional in vitro 
assays by lipid vesicles. This replacement can be justified 
considering that a large number of xenobiotics influence the 
membrane permeability and porosity. In particular, these studies 
based on toxic effects in the lipid bilayer may be applied to 
evaluate acrylates used in dental materials, antibiotics like 
aminoglycosides, detergents and bacterial peptides. The results 
assessment can be based on different techniques mainly the 
fluorescence confocal microscopy, with fluorescent dyes-loaded 
vesicles, and differential scanning calorimetry for the evaluation of 
the Tm, lipid melting or temperature destabilization [90]. 

8.7  Evolution from First Generation

Liposomes are the oldest lipid vesicles that were designed for 
the first time in 1960s. Liposomes ability to incorporate both 
hydrophobic and hydrophilic drugs has led to an intense 
investigation and several optimizations in the last 50 years, 
becoming the most widely accepted carrier system (Fig. 8.3). 

In order to become undetectable by the host immune system, 
PEG was added at the lipid vesicle surface in 1990, as already 
mentioned. These new liposomes with a longer half-life after 
intravenous administration were called stealth liposomes. 

Ligand target liposomes are capable of recognizing and 
binding to receptors at the cells of interest with increased 
drug accumulation [91]. Peptides, glycoproteins, specific cell 
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receptors (e.g., epidermal growth factor receptor) and monoclonal 
antibodies are the most used targeting ligands [92, 93]. They can 
be attached at the lipid bilayer or bound via a spacer arm like 
PEG for an increased time circulation [94]. Folates, transferring, 
and hyaluronic acid moieties can also be anchored at liposome 
surface to specifically targeting receptors that are overexpressed 
at tumor sites [95].

Figure 8.3	 Cross section of different types of lipid vesicles. (A) Conven-
tional liposome; (B) Stealth liposome; (C) Immunoliposome; 
(D) Fluorescent liposome; (E) Transfersome; (F) Ethosome; 
(G) Transethosome; (H) Cyclodextrin-loaded liposome. 
Adapted from Monteiro et al. [6].

Charged liposomes are another type of innovative vesicles. 
They can be anionic or cationic depending on the type of lipids 
used in their composition. Negative charged liposomes have been 
extensively used due to their enhanced interaction with MPS and 
particularly used with high success in pathologies localized in 
liver and spleen [96]. Unlike anionic charged liposomes, cationic 
ones were firstly developed in 1987 for gene delivery. Negative 
charged nucleic acids bind to positive charged vesicles through 
electrostatic interactions enabling cell transfection. More recently, 
chemotherapeutic drug–loaded cationic liposomes have shown 
an increased efficacy in the tumor blood vessels [97]. In fact, the 
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formed tumor blood vessels exhibit anionic sites of angiogenesis 
which establish electrostatic interactions with the cationic 
liposomes [97]. Another advantage of this type of liposomes is 
their potential to pass through the blood–brain barrier enhancing 
the drug delivery in the central nervous system [98]. Concerning 
the transdermal drug delivery, charged liposomes have been 
studied as an interesting tool due to their enhanced skin 
penetration.

Stimuli-responsive liposomes have been developed as another 
targeting strategy and especially to overcome the problem of a 
slow drug release. When the stimuli are exclusively related to the 
disease pathology, it is possible to allow the liposomes to release 
the incorporated drugs in the presence of the pathological trigger. 
The stimuli can be generated from the tissues like pH or redox 
potential or from external sources like hyperthermia, ultrasound 
or electromagnetic field [99]. pH responsive liposomes tend 
to destabilize and release the incorporated drugs under acidic 
conditions such as those in tumors, inflammation and infections 
sites (pH < 6.5). The major lipid components used for pH 
responsive liposomes formulation are phosphatidylethanolamine, 
terminally alkylated copolymer of poly(N-isopropylacrylamide) 
and dioleoyl phosphatidyl ethanolamine combined with 
cholesteryl hemisuccinate and polyorganophosphazenes [100]. 
Redox responsive liposomes use the redox potential of the 
intracellular environment for the content release. Additionally, 
lipids with disulfide bridges can be included in e lipid vesicles 
composition in order to influence their membrane stability. Upon 
reaching the intracellular spaces, redox responsive liposomes 
destabilize in response to disulfide reduction by glutathione [100]. 
Temperature sensitive liposomes, studied since 1978, respond to 
temperatures above the physiological one releasing their content 
when heating is applied [75]. The Tm of the phospholipids may 
cause changes in membrane permeability of the lipid bilayers, and 
consequently, to the content release (e.g., DPPC has a Tm of +41°C). 
The hyperthermia applicators can be based on radio frequency, 
ultrasound, microwaves and magnetic nanoparticles (iron oxide 
like magnetite). The main lipid used in temperature responsive 
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liposomes is DPPC which can be combined with polymers like 
poly(N-isopropylacrylamide-co-acrylamide) and PEG [100].

Concerning the topical and transdermal administrations, 
a new type of elastic vesicles already described as UDV has 
appeared for an enhanced skin drug delivery. The first UDV 
to appear were Transfersomes in 1992 [16]. The name means 
“carrying body” and derives from the Latin and Greek words 
“transferre” and “soma,” respectively [48]. Transfersomes 
composition enables the deformability of the lipid membrane 
being maximal when the optimized local composition is achieved 
in response to an anisotropic stress. This characteristic allows 
Transfersomes to squeeze through hydrophilic skin pathways 
five to ten times narrower than their own diameter without 
loss of components [12]. The first-generation of Transfersomes 
includes the vesicles composed by phospholipids with edge 
activators [10]. The second-generation of Transfersomes is 
composed by a combination of a bilayer component (e.g., 
phosphatidylcholine) and more than one amphipathic membrane 
destabilizing components [101]. The third-generation of 
Transfersomes is constituted by amphipathic non-phospholipidic 
bilayers, but unlike the first and second generations, the 
surfactant is replaced by a water-soluble modulator compound 
(e.g., organic ions) that have the same effectivity [102]. Ethosomes 
were the second UDV to be introduced in 2000 [9]. Besides 
lipid molecules, these vesicles are composed by a high ethanol 
content (≥ 30%) [23] which is a skin enhancer according to the 
mechanism already described [49]. Transethosomes were one of 
the most recently described UDV, being introduced in 2012. 
Surfactant and ethanol conjugation synergically contributes 
for a high elasticity of the vesicles and skin permeability and 
penetration [17]. In the recent years, PEG liposomes have also been 
introduced for topical application resulting in a highly stable 
formulation with increased entrapment efficiencies and skin 
deposition when compared to classical liposomes, Transfersomes 
(first-generation) and Ethosomes [103].

Table 8.1 summarizes the numerous generations of lipid 
vesicles according to their structure and/or preparation method 
that have been developed for specific applications or purposes.

Evolution from First Generation
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Table 8.1	 Description of lipid vesicles according to their structure 
and/or method of preparation

Lipid vesicle Definition

AquosomesComposed by a tree layer structure and a central solid 
nanocrystalline core coated with polyhydroxylated 
compounds in which active molecules are adsorbed; the 
core provides stability and the coating protects against 
dehydration; these vesicles are applied for peptide and 
proteins delivery (e.g., insulin) [104]

Archaeosomes Composed by Archaeal bacterial-type lipids exhibiting high 
stability to temperature, pH, oxidative environment, high 
pressure, action of phospholipases, bile salts, and serum 
proteins; these vesicles are used for immunization 
[105, 106] among other applications

Dendrosomes Vesicles with spherical dendritic structure for direct gene 
delivery; the major advantages are: inexpensive production, 
high stability and easy manipulation [107]

Discosomes Derived from niosomes by the addition of lanolin derivate; 
used for ophthalmic administration; the major advantages 
are the suitable size and shape which prevents the passage 
to the systemic circulation [108]

EmulsomesColloidal system with an internal core of lipids and 
triglycerides with a high concentration of lecithin, for 
stabilization, forming an o/w emulsion; used for antifungal 
and antileishmanial drugs [109]

Enzymosomes Liposomal vesicles with surface ligand enzymes, e.g., 
superoxide dismutase; application in inflammation [110]

Erythrosomes Large lipid vesicles with cytoskeletons from red blood cells; 
applied for the membrane protein reconstitution [111]

Genosomes Cationic lipid vesicles used for gene transfection into 
eukaryotic cells; these vesicles are less immunogenic, can 
be targetable and are easy for large-scale production than 
the viral vehicles [112]

Immuno-
liposomes

Lipid vesicles containing ligands at their surface; one type 
of specific target liposome with application in drug delivery 
to cancer cells and central nervous system (due to the 
ability to overpass the brain blood barrier), gene therapy 
and molecular imaging [113]

ImmunosomesLipid vesicles coated with glycoprotein (e.g., T cell 
receptor and envelope of Influenza virus glycoproteins) 
used for immunity stimulation [114, 115]
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Invasomes Lipid vesicles incorporating terpenes for enhanced 
skin penetration; they may be used for the treatment of 
cutaneous malignant or non-malignant diseases [116, 117]

Marinosomes Lipid vesicles based on a natural marine lipid extract 
containing a high concentration of a polyunsaturated fatty 
acids which metabolites have an anti-inflammatory action 
[118]

Menthosomes Lipid vesicles with cetylpyridinium chloride and 
L-menthol as penetration enhancers for transdermal 
delivery [119]

Niosomes Lipid vesicles constituted by nonionic surfactants which are 
usually biodegradable and nontoxic; applied for cosmetic 
and/ or medical purposes [120]

Novasomes Non-phospholipid liposomes constituted by several bilayers 
and an amorphous core composed of dioxyethylene cetyl 
ether, cholesterol and oleic acid; applied in vaccines [121]

Pharmacosomes Amphiphilic phospholipid complexes of drugs bearing 
active hydrogen that bind to phospholipids; applied in a 
variety of inflammatory and heart diseases, cancer, for 
protein and herbal drug delivery [122, 123]

Photosomes Lipid vesicles constituted by a bacterial enzyme 
(photolyase) that can repair ultraviolet B radiation induced 
by cyclobutane pyrimidine dimers; these vesicles are 
applied in cosmetic (e.g., sunscreens) and in photodynamic 
therapy due to their potential as a DNA repair system [124] 

Phytosomes Lipid vesicles developed to incorporate plant extracts (e.g., 
ginsenosides, flavonoids, epigallocatechin, procyanidins, 
quercetin, curcumin and naringenin) in order to increase 
their bioavailability [125]

Sphingosomes Lipid vesicles mainly constituted by sphingolipids which 
increase the formulation stability [126]

Vesosomes Structures with interdigitated bilayer compartments 
constituted by ethanol and saturated phospholipids; the 
numerous compartments can encapsulate other vesicles, 
biological macromolecules and colloidal particles; the major 
advantage is the incorporation of different compounds with 
modified release [127]

Virosomes Vesicles including viral surface proteins without the genetic 
material (no replication ability); the major advantage is its 
ability to introduce the encapsulated macromolecule into 
the cytoplasm of cells by the viral proteins; used as drug 
delivery systems and adjuvants for cancer therapy [128]

Evolution from First Generation
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8.8  Therapeutic, Diagnostic, and Cosmetic 
Applications

Lipid vesicular systems are often used for a variety of cosmetic, 
medical, and diagnostic purposes. Nevertheless, this chapter 
will be mainly focused on topical applications of these systems.

Topical lipid vesicles are commonly used considering the 
absence of skin irritation besides the exceptional low acute and 
chronic toxicity which leads to a very high tolerability [129]. At the 
moment, cancer treatment constitutes a very important application 
of liposomes with improved effectiveness and decreased side effects 
of new and/or existing drugs. Globally 2–3 million non-melanoma 
and 132,000 melanoma skin cancers occur each year [130]. In fact, 
UV radiation is a well-known factor responsible for inducing both 
photoaging and photocarcinogenesis processes. The incorporation 
of a UV absorber as octyl methoxycinnamatein in multilamellar 
liposomes showed an increased skin protection factor compared 
to conventional emulsions [131]. The incorporation of antioxidant 
compounds (e.g., a-tocopherol, resveratrol, lycopene, flavanols from 
green tea, Coenzyme Q10, melatonin, among others) in liposomes 
has been also used to treat skin aging, inflammatory skin diseases 
and cancer [66, 129, 132, 133]. In particular, melatonin-loaded 
ethosomal formulation showed ability for transdermal delivery 
of this endogenous antioxidant [134]. The co-incorporation of 
resveratrol and 5-fluorouracil in ultradeformable liposomes 
improved the anticancer activity as compared to both free drugs 
and single entrapped drug, revealing a potential application in 
squamous cell carcinoma context [135]. The 5-aminolevulinic acid–
loaded liposomal formulations have been used in photodynamic 
therapy for skin cancer with increased local drug concentration 
[18]. Cisplatin and imiquimod have been also incorporated in a 
transfersomal gel formulation revealing an optimal antitumor 
activity against a cutaneous squamous cell carcinoma cell line 
[136]. More recently, Transethosomes loading imiquimod have 
provided an effective dermal delivery compared to Ethosomes 
in the treatment of actinic keratose, a pre-stage of squamous cell 
carcinoma [137].

Bacterial enzyme T4 endonuclease V incorporated in 
pH-sensitive liposomes has been studied for the skin cancer 
treatment. The results of this clinical trial showed an annual 
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rate of new actinic keratosis of 8.2 among the patients assigned 
for the liposome formulation and 25.9 among those assigned 
placebo. In addition, the annual rates of new lesions of basal 
cell carcinoma were 3.8 in the treatment group and 5.4 in the 
placebo group [138].

Treatment of acne is another medical application of these 
carriers. Benzoyl peroxide, lauryl, salicylic and retinoic acids 
formulated in UDV have demonstrated a much better risk–benefit 
relationship compared to non-lipid vesicles pharmaceutical 
formulations [139, 140].

Psoriasis management has also been investigated using 
lipid vesicles formulations as drug carriers. In particular, 
methotrexate-loaded Ethosomes showed a high in vitro dermal 
delivery [141]. Atopic dermatitis and psoriasis are usually treated 
with steroidal anti-inflammatory drugs. Although betamethasone 
dipropionate–loaded liposomes revealed an increased anti-
inflammatory activity, an antiproliferative effect was not observed 
in the atopic eczema [142]. A phase II clinical trial with HL-009 
liposomal gel is currently being developed for atopic dermatitis 
[143]. Topical liposomal recombinant human Cu/Zn-superoxide 
dismutase is also being tested for prophylactic treatment of 
dermatitis induced by breast cancer radiotherapy [144].

Non-steroidal anti-inflammatory drugs (e.g., diclofenac, 
ketoprofen, and meloxicam) have been also incorporated in lipid 
vesicles for clinical application of several inflammatory skin 
diseases [63, 145, 146].

Considering that the first-line treatment of cutaneous 
leishmaniasis is based on pentavalent antimonials administered 
through multiple painful injections poorly tolerated by most of 
the patients, a new topical formulation of meglumine antimoniate–
loaded liposomes has been recently tested [147].

Anti-viral (e.g., indinavir, terbinafine) and anti-fungal (e.g., 
itraconazol, clotrimazol) drugs have been formulated with UDV 
in order to increase the respective therapeutic index as well 
[148, 149].

Peptide (e.g., insulin)-loaded Transfersomes epicutaneously 
applied proved to be as efficient as injected subcutaneously [44]. 
Topical immunization with UDV has been used for transdermal 
delivery of plasmid encoding for hepatitis B surface antigen. 

Therapeutic, Diagnostic, and Cosmetic Applications
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However, this research area still needs much more investigation 
and optimized studies [150, 151].

Liposomes have also been applied in the wound treatment. 
For example, the incorporation of povidone iodine presented 
a better antiseptic efficacy and burn wound-healing quality 
compared to silver-sulfadiazine cream [152].

Diagnostic application using topical lipid vesicles is still a 
largely unexplored field. However, recent studies have reported 
the application of Ethosomes loaded with contrast agents for 
computed tomography imaging applications showed in vitro a 
good macrophage cellular uptake and no cytotoxicity [153].

Regarding cosmetic applications, hyperpigmentation and 
melasma have been successfully treated with 4-n-butylresorcinol 
and linoleic acid incorporated in a liposomal formulation 
[154, 155]. Minoxidil-loaded lipid vesicles have shown interesting 
results for alopecia treatment. Neutral liposomal formulations 
were the most retained in skin and pilosebaceous unit [156]. 
In addition, finasteride- and cyclosporine A-loaded lipid vesicles 
have also been applied for androgenic alopecia and alopecia 
areata, respectively [157, 158].

Cyproterone-loaded liposomes have been studied for hirsutism 
treatment. According to the results obtained, the permeation rate 
of this drug was mainly controlled by the type of excipients and 
size of the vesicles [159]. Regarding cellulite management, 
caffeine-loaded liposomes and niosomes have been successfully 
formulated for an enhanced stimulation of lipolysis in epidermal 
adipocytes [160].

8.9  Regulatory Considerations

In the recent years, regulatory authorities have made an effort 
to create guidelines dealing with liposomal related products. 
However, any final legislation has not yet been approved. In 2001, 
Food and Drug Administration (FDA) published the first draft 
guidance concerning this subject. According to this guidance, 
liposomes manufacturers should submit to the regulatory 
authorities the description of the lipid vesicles formulation, 
manufacturing process and characterization. It is also recommended 
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the submission of bioavailability and pharmacokinetics studies 
including in vitro and in vivo assays and the information 
regarding the product labeling [161]. In 2006, the European 
Medicines Agency (EMA) reviewed nanotechnology-based 
medicinal products, emphasizing the need of appropriated 
technologies for risk assessment and safety purposes [162]. 
More recently, the EMA has published another reflection paper in 
2013 about the special requirements of intravenous liposomal 
products. The quality control should include physical, chemical, 
and kinetics parameters. In addition, clinical studies for efficacy 
and toxicological assessments are also needed as well as 
comparative studies between liposomes already commercialized 
and new liposomal products. All processes must follow the 
International Conference on Harmonization (ICH) guidelines 
and more control and information are needed regarding the 
evaluation of quality, safety, and efficacy of lipid vesicles products. 
Therefore, the Innovation Task Force EMA multidisciplinary 
group continues to discuss the inherent problems linked to 
nanomaterials [163].

8.10  Conclusion and Future Perspectives

The lack of efficiency of classical topical formulations led to 
the design of new vesicles for skin application. UDV became a 
promising delivery system especially for the treatment of several 
skin diseases even though the number of commercialized 
lipid vesicle–based formulations is still quite low. This may be 
associated to high production costs and problems related to 
stability of these vesicles. A large number of UDV compositions 
have been described and related mechanism of action has been 
proposed. However, this technological area still constitutes an 
intense research area [23]. Accordingly, new ingredients will 
continue to be studied in order to improve stability, elasticity, 
and high drug entrapment efficiency. Liposome manufacturing 
optimization including the scale-up production constitutes 
another area of intense research. New ultradeformable vesicles 
related formulations are expected to reach the market in the 
near future.

Conclusion and Future Perspectives
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9.1  Introduction

Artificially vesicular carriers, such as liposomes, have attracted 
great interest showing important success in the delivery of drugs, 
genes, vaccines, and other bioactive agents [1]. In addition, these 
systems are ideal models for biological membranes, becoming 
useful tools in diagnostics, targeted cancer, and gene therapy [2].

The word liposome has been generally adopted to describe 
mesomorphic lipid–water structures, in which chemical components 
are lipids and/or phospholipids. When phospholipids are present 
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in water, by sufficient uptake of energy (sonication, heating, 
homogenization) [3], form a series of closed bilayers vesicles 
[2]. Therefore, liposomes result in spherical vesicles with one or 
several concentric phospholipid bilayers and an aqueous phase 
inside and between the lipid bilayers [4], which are formed 
spontaneously in aqueous solution and whose membrane consists 
of amphiphilic lipids, i.e., lipids that are hydrophilic on one side 
and lipophilic on the other side, and they enclose an aqueous 
core, same as the bilayer membranes of living cells [5]. The 
thickness of the phospholipid bilayer measures approximately 
5 to 6 nm [6]. The surface charge of liposomes can be neutral, 
negative, or positive in physiological pH ranges [2].

Liposomes can encapsulate both hydrophobic and hydrophilic 
[7]. Hydrophilic drugs may get entrapped in the central aqueous 
core of the vesicles, while lipophilic drugs are entrapped within 
the bilayer membrane [8]. Drug-loaded liposomes can specifically 
or non-specifically adsorb onto the cell surface, or fuse with the 
cell membrane, and release their contents into the cell cytoplasm, 
or can be destabilized by certain cell membrane components 
when adsorbed on the surface so that the released drug can 
enter cell via micropinocytosis. Liposomes can undergo direct or 
transfer-protein-mediated exchange of lipid components with 
the cell membrane or be subjected to a specific or non-specific 
endocytosis by phagocytic cells of the reticulo-endothelial system, 
such as macrophages and neutrophils. In the case of endocytosis, 
a liposome can be delivered by the endosome into the lysosome 
or, en route to the lysosome, the liposome can provoke endosome 
destabilization [9].

Several techniques have been presented for liposome 
preparation giving rise to vesicles of different size diameter (from 
20 nm to several microns) and number of bilayers. According 
to the number of lamellae, size, and preparation method, 
phospholipid vesicles can be classified into several groups.

The type of liposomes is also dependent on the processing 
technique, such as, single or oligolamellar vesicles made by 
reverse-phase evaporation (REV), multilamellar vesicles made 
by the reverse phase method (MLV REV), stable plurilamellar 
vesicles (SPLV), frozen and thawed MLV (FAT MLV), vesicles 
prepared by extrusion technique (VET) and dehydration- 
rehydration method (DRV). The most relevant techniques for the 
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production of liposomes are described in Chapter 8. However, 
most of techniques are not suitable for the encapsulation of 
sensitive substances due to their exposure to the mechanical 
stresses (e.g., sonication, high pressure, or shear tension), 
potentially harmful chemicals (e.g., organic solvents and detergents) 
or change of pH during the preparation. In the reduction of 
liposomes, it is not only expected the assembling of the membranes, 
but instead getting the membranes to form vesicles with right 
size, structure, and efficiency without any leakage. A new method 
has been introduced for fast production of liposomes without 
the use of any dangerous chemical or process. This method 
involves the hydration of the liposome components in an aqueous 
medium followed by the heating of these components, in the 
presence of glycerol (3% v/v). There are indications that this 
heating method simulates the formation of the early cell 
membranes under the conditions of the primordial earth [2].

Triton X-100, sodium chlorate, sodium dodecyl sulfate, 
chloroform, octyl-b-glucoside, methanol, bile salts, and acidified 
isopropanol can be used to extract the encapsulated drugs from 
liposome. It has been shown that cryoprotective agents such as 
trehalose, sucrose, mannitol, dimethylsulfoxide, and glycerol 
protect phospholipid bilayers from damage during freeze-drying 
and freeze-thawing. The protection mechanism by the sugars is 
to form an amorphous matrix during freezing and exhibiting a 
low molecular mobility after drying [3].

The problems related to the lipid oxidation and hydrolysis 
during the shelf-life of the liposomal product can be reduced by 
the storage of liposomal dispersion in the dry state by freeze- 
drying (lyophilization), without compromising their physical 
state or encapsulation capacity [10].

Liposomes are used to administer drugs by several routes 
such as topical, oral, and parenteral and have many applications 
in the field of immunology, tumor therapy, vaccine adjuvant, 
antimicrobial therapy, gene therapy, and delivery of 
radiopharmaceuticals for diagnostic imaging. Furthermore, 
liposomes can be used for cosmetic applications to skin, delivery 
of dyes to textiles, enzymes and nutritional supplements in foods, 
pesticides on plants and can be used as biosensors [3].

These vesicular systems have several advantages including 
improvement of drug penetration into tissues, ability to entrap 
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small molecules and macromolecules, reducing the toxicity of 
incorporated drugs, prolonging release of active pharmaceutical 
agents, protecting encapsulated molecules from metabolic 
processes, biodegradability, and biocompatibility [11].

Despite these advantages, only a small number of liposomal 
formulations have been approved for human use so far, due to 
their instability, high cost of production especially in scale up, 
relatively short half-life, toxicity of some liposomal formulations, 
relative low solubility, low entrapment of molecules and 
compounds into vesicles and sometimes phospholipid undergoes 
oxidation and hydrolysis [3, 11].

Liposomes have been used to deliver peptide and protein 
drugs for oral route of administration, imparting some protection 
on entrapped drugs against gastrointestinal (GI) enzymes. 
However, one of the remaining obstacles, especially for most of 
the liposomes composed of ester-lipids, was their poor stability 
against low pH, enzymes in the GI tract and bile salts. Therefore, 
it was desirable to develop more stable liposome formulations 
to protect peptide and protein drugs [12, 13].

A large number of improvements have been introduced in 
order to target liposomes and enhance the therapeutic effect of 
drugs loaded in liposomes. Among of them, passive targeting 
and active targeting are of major relevance. Active targeting is 
employed to enhance liposomal drug accumulation in the tissues, 
by means of targeted liposomes with surface-attached ligands 
capable of recognizing and binding to cells has been used. 
Antibodies such as IgG and their fragments are the most widely 
used targeting ligands for liposomes. Folate receptors are 
frequently overexpressed in a range of tumor cells, so targeting 
tumors with folate-modified liposomes is another strategy [3].

In passive targeting, biocompatible polymers, such as poly-
ethyleneglycol (PEG), form a protective layer over the liposome 
surface and decrease liposome recognition by opsonins and cause 
long circulation of liposomes. Studies have carried out on the 
conjugation of drug to PEG on PEGylated liposomes to combine 
longevity and targetability for drug delivery into solid tumors [3].

Additionally, liposomes are frequently used as vehicles in 
pharmaceuticals and cosmetics for drug delivery in controlled 
manner to particular areas of skin or its layers. Because liposomes 
offer an amphiphilic environment, they may encapsulate 
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hydrophilic substances in their aqueous core and lipophilic 
substances in their lipid bilayer. This unique dual release capability 
enables the delivery of two types of substances once they are 
applied on the skin; each differs in its effects on skin permeability 
which may enhance the desired therapeutic benefit [5].

A new type of liposomes shows important application for 
skin—the so-called ultradeformable liposomes (UDL), where 
high deformability is a specific mechanical property. These are 
liposomes prepared with phospholipids plus a certain proportion 
of edge activators, usually detergents such as sodium cholate 
(NaChol), Tween 80 or Spam 80. Applied on the skin surface 
under non-occlusive conditions, the lipid bilayer of UDL efficiently 
penetrates the outermost layer of the skin, the stratum corneum 
(SC), carrying small molecules up to the viable epidermis 
nearly tens of micrometers depth. Besides of being used as drug 
delivery systems, there is a growing interest on their application 
as adjuvants for topical vaccination to elicit antigen-dependent 
and memory systemic and mucosal responses [14].

When UDL are submitted to a local stress of deformation, 
such as elongation or lost of spherical shape, the individual 
components, initially homogeneously mixed, are partly separated 
in the bilayer (demixing). The most soluble ingredients, (NaChol), 
are accumulated within the sites of highest curvature, while 
those less soluble (phospholipids) become more abundant on 
the zones of lower deformation. The demixing of components 
alleviates the highly curved zones and allows the reversible 
local protrusion in these sites [14].

Although there are various liposomal formulations already 
on the market or in clinical trials, a major limitation to the use 
of these conventional phospholipid bilayer products is their 
instability [15], especially during the transit to the site of action. 
Attempts to improve their circulation time along the extracellular 
route to the target site, either by incorporation of high quantities 
of cholesterol or by coating the liposome surface with hydrophilic 
PEG polymers have led to limited success [7]. The disadvantages 
of traditional liposomes as drug delivery systems include (i) low 
stability; (ii) leakage and fusion of encapsulated drug molecules; 
(iii) sometimes phospholipid undergoes oxidation and hydrolysis; 
(iv) short half-life; (v) low solubility; and (vi) high production 
cost [9, 16].
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A novel family of liposomes, called archaeosomes, 
demonstrated higher stability to several conditions in comparison 
with conventional liposomes, mainly due to the remarkable 
molecular and physicochemical characteristics of archaeal-type 
lipids. This presents a significant advancement for the delivery 
of medicines, allowing for more varied routes of administration. 
Furthermore, the stability, tissue distribution profiles, and 
adjuvant activity of archaeosome formulations clearly indicate 
that they may represent a new solution for improving vaccine 
therapies. The great ability of Archaea to adapt their membrane 
lipid compositions to many different extreme environments 
renders archaeal lipids ideal for developing nanodelivery vesicles 
capable of overcoming the various biological, biophysical, and 
biomedical barriers that the body stages against drug/gene or 
vaccine therapies against infections and cancer [7]. The structural 
features of the archaeal polar lipids allow the preparation of 
stable archaeosomal formulations in the absence of the normal 
precautions required (e.g., protection from air to avoid oxidation) 
for conventional ester liposome formulations. The knowledge 
about archaeosome applications in the vaccine field is much 
more advanced than for drug delivery [17].

9.2  Archaeosomes: Definitions and Properties

Archaeosomes are a new generation of liposomes, made from 
one or more polar ether lipids extracted from natural archaeal 
membrane lipids or synthetic archaeal lipids, exhibiting higher 
stability under different conditions, such as high temperatures, 
alkaline or acidic pH, presence of bile salts that would be 
encountered in the GI tract, and they are more resistant to 
oxidation and chemical hydrolysis than liposomes [2, 10, 11]. 
Due to their extraordinary stability, which allows sterilization 
and filtration, archaeosomes have found many applications and 
can be used as successful drug, gene and vaccine delivery 
systems [18].

In the late 1970s, the discovery of the Archaea domain as a 
new taxonomy for living systems revealed the existence of a 
novel class of microorganisms encountered in unusual but 
exceptional ecological niches such as high (thermophiles and 
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hyperthermophiles) or low (psychrophiles) temperatures, low 
pH (acidophiles and thermoacidophiles), anaerobic atmosphere 
(methanogens) and high salinity (halophiles) [19]. The molecular 
adaptations responsible for archaeal ability to survive and grow 
in harsh environments have clearly emphasized the key role of 
membrane lipid components in overcoming the destabilizing 
conditions encountered in such extreme environments [20].

In contrast to Bacteria and Eukarya, where the unsaturated 
acyl chains of variable length of the membrane phospholipids 
are ester-linked to the sn-1,2 position of glycerol-3-phosphate 
scaffold, the backbone of archaeal lipids consists of methyl 
branched isoprenoid chains (5-carbon repeating units), which are 
fully saturated and connected via ether linkages to sn-2,3 carbon 
of glycerol-1-phosphate [21, 22]. Archaeal-type lipids consist 
of archaeol (diether) (2,3-di-O-diphytanil-snglicerol consisting 
mainly of C20,20 alkyl chains) and/or caldarchaeol (tetraether) 
(2,2,3,3-tetra-O-dibiphytanil-sndiglycerol with C40,40 carbon 
chains) core structures [20].

The lipid membrane of archaeosomes may be entirely of 
the bilayer form if made exclusively from monopolar archaeol 
(diether) lipids, or a monolayer if made exclusively from bipolar 
caldarchaeol (tetraether) lipids, or a combination of monolayers 
and bilayers if made from caldarchaeol lipids in addition to 
archaeol lipids or standard bilayer-forming phospholipids 
[13, 17, 23]. Variations to these standard lipid cores include 
archaeols with increased number of C5 units or caldarchaeols 
with cyclopentane rings within the C40-phytanil chains. 
Recently, a large number of new core lipid structures have 
been elucidated (e.g., isocaldarchaeol, H-shaped aldarchaeol, 
macrocyclic archaeol with one or two cyclopentane rings in the 
byphytanediyl chain and alkyl ether type core lipids) [20].

Tetraether-type lipids mainly consist of macrocycles 
composed of two membrane-spanning alkyl chains that link the 
two glycerol backbones. These atypical bipolar lipids play a key 
role to the adaptation of Archaea to extreme habitats by optimizing 
membrane organization and properties in direct response to 
the growth conditions of the organisms. The maintenance of 
membrane fluidity, transport functions, intracellular solute 
concentrations, chemiosmotic gradients and membrane protein 
stability are a few examples of the functions of these lipids [19].

Archaeosomes
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The polar head groups of archaeal lipids are phospholipids 
or glycosides that are connected to one of the core lipids. The 
polar moieties are similar to those (phospho, glyco, polyol, amino, 
hydroxyl groups) encountered in ester lipids, but phosphatidylcho-
line is rarely present in archaeal lipids [2].

The most common phospholipids are phosphoserin, 
phosphoinositol, phosphoglycerol, phosphoetanolamin, and 
many phosphoglyicolipids; among them, the most common 
carbohydrates found among archaeal lipids are glucose, gulose, 
mannose, galactose, inositol, and N-acetylglucosamine, which 
can form mono-, di-, or oligosaccharides on one or both sides of 
caldarchaeol. Phosphoglycolipids with two polar head groups on 
both sides of the caldarchaeol may have glycerophosphate as the 
phosphoester moiety on one side and glucose alone or glucose 
and mannose, which form mono-, di-, or oligosaccharides as the 
sugar moiety on the other side. Replacement of one glycerol moiety 
of the core lipid backbone by a nonitol has also been observed [20].

The primary and fundamental physiological function of 
polar lipids is to form a cell membrane, which encloses a cell and 
provides a permeability barrier for various essential solutes for 
life. One of the essential features required for lipid membrane to 
fulfill biological functions is that they are in the liquid crystalline 
phase. Archaeal lipid membranes have, in contrast, much lower 
phase transition temperature than fatty acyl ester lipids. While 
membranes made of fatty acyl ester lipids are in the gel phase or 
in the liquid crystalline phase depending mostly on their fatty 
acid composition, archaeol- and caldarchaeol-based polar lipid 
membranes of archaea are assumed to be in the liquid crystalline 
phase at a wide temperature range of 0–100°C [20].

In view to optimize the performance of archaeosomes, specific 
archaeal lipid membrane properties have to be considered: (i) the 
ether linkages are more stable than esters over a wide range of 
pH, high temperature and the branching methyl groups help to 
reduce crystallization (membrane lipids in the liquid crystalline 
state at ambient temperature) and membrane permeability 
(steric hindrance of the methyl side groups); (ii) the saturated 
alkyl chains would impart stability towards oxidative degradation; 
(iii) the unusual stereochemistry of the glycerol backbone 
(opposite to mesophilic organisms) would ensure resistance to 
attack by phospholipases released by other organisms; (iv) the 
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bipolar lipids span the membranes and enhance their stability 
properties; and (v) the addition of cyclic structures (in particular 
five-membered rings) in the transmembrane portion of the lipids 
appears to be a thermoadaptive response, resulting in enhanced 
membrane packing and reduced membrane fluidity [24].

More specific functions of tetraether lipids have also to 
be considered: (1) the tetraether structure is thought to span 
the membrane from the inner to the outer side to form a 
monolayer membrane organization instead of the standard 
bilayer model. Thus, a covalent linkage operates in the middle of 
the lipid layer: Each bipolar tetraether molecule is completely 
stretched and spans its entire thickness. This monolayer 
organization would rigidify the membrane especially at the 
high growth temperatures of thermophilic, methanogens and of 
thermoacidophiles; (2) the presence of a covalent bond between 
the alkyl chains in H-shaped tetraethers might protect the cells 
against membrane lysis at high temperature by reinforcing the 
strength of the monolayer membrane; (3) high proportions of 
glycosyl polar head groups both in methanogenic and 
thermoacidophilic lipids may further stabilize the membrane 
structure by interglycosyl headgroup hydrogen bonding. The 
presence of large sugar heads towards the convex surface of 
the membrane may assume an asymmetric orientation, making 
therefore the monolayer organization easier. Owing to such 
originalities, natural and synthetic archaeal lipids are promising 
tools for medical, biological, and biotechnological applications. 
Interest in these areas is stimulated primarily by the tetraether 
lipid self-assembling properties leading to supramolecular 
structures such as lipid films or liposomes [19].

These unique lipid structures in general conferred 
archaeosomes higher stability and less permeable than 
conventional liposomes that frequently need up to 33% of 
cholesterol to improve their stability. Thanks to archaeal lipid 
properties, archaeosomes can be formed at any temperature in the 
physiological range or lower, thus making it possible to encapsulate 
thermally labile compounds. Moreover, they can be prepared and 
stored in the presence of air/oxygen without any degradation 
[10, 12], they do not fuse or aggregate during storage at 4°C over 
a period of 4 months; therefore, they are a valuable resource in 
the development of novel biotechnological processes [20].

Archaeosomes
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9.2.1  Biotechnological Applications of Archaeosomes

Although archaeosomes are a recent technology, they have already 
proven to be a safe delivery system for bioactive compounds. Their 
pH and thermal stability, tissue distribution profiles, as well as 
the adjuvant activity indicate that archaeosome formulations 
may offer a superior alternative for several biotechnological 
applications, including delivery systems for drugs, genes, or cancer 
imaging agents. As an ideal vector they should be highly efficient 
in delivering the drug in a target-specific manner (various molecules 
can be incorporated into archaeosomes or associated with the 
vesicles to target specific tissues), stable in vitro as well as in vivo, 
non-toxic and non-immunogenic. In this sense, archaeosomes 
delivery systems answer most of these conditions [12, 20].

Their composition and preparation can be chosen to achieve 
desired features such as selection of lipid, charge, size, size 
distribution, entrapment, and location of antigens or adjuvants. 
Depending on the chemical properties, water-soluble antigens 
(proteins, peptides, nucleic acids, carbohydrates, haptens) are 
entrapped within the aqueous inner space of liposomes, whereas 
lipophilic compounds (lipopeptides, antigens, adjuvants, linker 
molecules) are intercalated into the lipid bilayer and antigens 
or adjuvants can be attached to the liposome surface by 
adsorption or stable chemical linking. These carriers provide 
adjuvant activity by enhancing antigen delivery or by activating 
innate immune responses [25].

First, since liposomes and archaeosomes naturally target 
cells of the mononuclear phagocytic system, they would be ideally 
suited for the delivery of antigens, as carrier systems and/or 
directly as adjuvants that stimulate the immune system [7]. This 
was supported by two important observations, namely (i) as 
archaeosomes are phagocytosed effectively, they may efficiently 
target antigen to antigen presenting cells (APC), facilitating a 
strong humoral and cell-mediated (Th1/Th2) immune reactions 
to soluble entrapped proteins and consequent long-term memory 
[26]; and (ii) more importantly, archaeosomes induce CD8+ 
cytotoxic T lymphocyte responses (critical for protection against 
cancer and intracellular infections) to entrapped proteins [25].

The immunity stimulating effects of the archaeosomes 
should be highly useful by oral administration in order to 



333

mobilize the mucosal immune system for both systemic and 
mucosal immune responses. One indicator of effective cell mediated 
immune response is the responding ability against antigen in 
vitro of lymphocyte populations from immunized mice. In a study, 
the potency of archaeosomes facilitating proliferative responses 
of CD8+ T cells via oral immunity route may be explained by 
distinctive features of the tetraether lipid structures. It seems 
possible that rather stable archaeosomes with high tetraether 
lipid content may facilitate MHC class I cross presentation resulting 
in the activation of potent specific cell mediated immunity 
including CD8+ T cell responses [12].

It is also showed that archaeosomes promote the recruitment 
and activation of professional APC in vivo and deliver the antigen 
to both MHC class I and II pathways for antigen presentation, 
without eliciting overt inflammatory responses. Furthermore, 
depending on the archaeal lipid composition, activation signals 
to dendritic cells may be provided by archaeosomes [27].

Krishnan et al. studied the adjuvant activity of archaeosome 
that was prepared from lipid extracted from Methanobrevibacter 
smithii. They reported that archaeosomes could show adjuvant 
activity and induced T helper and cytotoxic T lymphocyte responses 
to entrapped antigen. Additional work in this way is suggested 
to trace the archaeosome in cancer cells for evaluating the 
potential application in delivery of molecules [28]. Instead, 
Réthoré et al. studied the potential application of archaeosomes 
as gene delivery system for plasmid DNA expressing the luciferase 
reporter gene, showing that the developed archaeobacterial-
like lipids, usable as cationic lipids or co-lipids for in vitro gene 
transfection, represent a new approach for modulating the lipidic 
membrane fluidity of the complexes they form with plasmid 
DNA [29].

Li et al. prepared archaeosomes, made of the polar lipid 
fraction E (PLFE) extracted from Sulfolobus acidocaldarius, 
entrapping insulin as a model peptide and they explored their 
potential application as a vehicle for oral delivery of the peptide 
drug. Their study showed that the archaeosomes exhibit significant 
high stability in simulated gastric and intestinal fluids. As a carrier 
of oral insulin, archaeosomes are superior in reducing the blood 
glucose levels in diabetic mice, compared with conventional 
liposomes [13]. Carrer et al. produced ultradeformable 
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archaeosomes (UDA), a variety of UDL containing total polar 
archaeolipids (TPA), extracted from the extreme halophile archaea 
Halorubrum tebenquichense, soybean phosphatidylcholine and 
sodium cholate (3:3:1 w:w), for topical delivery of ovalbumin [14].

Lastly, Archaeal lipids have also been proposed as monomers 
for bioelectronics for several reasons. Their bipolar tetraether 
structure offers novel opportunities for protein-lipid interactions, 
which are of interest for the assembly of electronic devices based 
on redox proteins or enzymes. Some other applications include 
use of archaeal lipids as taxonomic markers and as novel 
lubricants for engines, since they are chemically stable at 
high temperatures, lubricate, either with or without a carrier 
lubricant, and provide a friction coefficient of less than 0.1 [20]. 
In Table 9.1, some examples of compounds already loaded in 
archaeosome formulations are listed.

Table 9.1	 Examples of compounds loaded in archaeosomes

Archaea Major phospholipids Compound Ref.

Sulfolobus 
acidocaldarius

Phosphatidylglycerol, 
diphosphatidylglycerol, 
phosphatidylethanolamine 
lipids containing glycerol 
ethers

Methylene blue [11]

Halorubrum 
tebenquichense

Total polar lipids Ovalbumin [14]

Sulfolobus 
acidocaldarius

Polar lipid fraction E 
(a mixture of tetraether 
lipids)

Ovalbumin [12]

Sulfolobus 
acidocaldarius

Polar lipid fraction E 
(a mixture of tetraether 
lipids)

Insulin [13]

Aeropyrum pernix Polar-lipid methanol 
fraction

Fluorescence 
probes

[21]

Halorubrum 
tebenquichense

Total polar lipids Ovalbumin [30]

— PEGylated tetraether lipid Carboxyfluorescein [24]

Aeropyrum pernix — Calcein, listeriolysin, 
keratin 14, 
plasmid DNA

[18]
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9.2.2  Preparation and Physicochemical Characterization 
of Archaeosomes

The first step, before archaeosome preparation, consists in 
either the lipid extraction from selected archaea species or the 
synthesis of archaeal-like lipids. Concerning natural archaeal 
lipids, the total lipid extract, composed of TPL and neutral lipids, 
is usually obtained by chloroform/methanol/water extraction 
from frozen thawed biomass coming from the selected archaea 
species. TPL and neutral lipids are then separated by precipitation 
of TPL in acetone. These TPL made from isoprenoid ether 
lipids of opposite sn-2,3 stereochemistry can be stored as 
chloroform or chloroform/methanol (2/1) solutions without 
special conditions. Pure archaeal lipids can be further obtained 
by chromatography, either column chromatography or preparative 
thin-layer chromatography [7].

In this regard, in the procedure applied by Benvegnu et al., 
archaea were grown under their optimal living environmental 
conditions before undergoing extensive organic solvent extraction 
(chloroform/methanol/water mixtures). TPL were finally obtained 
by precipitation with acetone from a chloroform/methanol 
(2:1: v/v) solution. The resulting extracts were analyzed by 
thin- layer chromatography and mass spectrometry and were 
used as such or were further purified by preparative thin-layer 
chromatography to isolate pure polar lipid components [7].

The characterizations of the fractionated lipids were 
conducted in another work on thin-layer chromatography, mass 
spectral, infrared spectroscopy, and nuclear magnetic resonance 
by Li et al. [12]. Barbeau et al. used, instead, high-performance 
thin-layer chromatography, an advanced form of thin-layer 
chromatography that can analyze mixtures by separating the 
compounds and determining the number of components in a 
mixture, to assess the lipid extracted [24].

The resulting pure archaeal lipids can be chemically modified 
in order to introduce specific head groups. Starting from natural, 
chemically modified, or synthetic archaeal lipids, it was possible 
to prepare archaeosome formulations and encapsulate/associate 
hydrophilic or hydrophobic compounds using standard methods 
developed for the preparation of conventional liposomes, e.g., 
hydrated film submitted to sonication, extrusion or detergent/
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dialysis, at any temperature in the physiological range or lower. 
For instance, archaeosomes can be prepared by the detergent/ 
dialysis method. However, the presence of a detergent could be 
a major drawback for pharmaceutical applications of the 
corresponding archaeosomes. In addition, the detergent/dialysis 
method can result in poor entrapment due to the leakage of 
loaded molecules during the dialysis process. A well-developed 
technique for preparing archaeosomes consists of the hydration 
of archaeal lipid film followed by size reduction using sonication 
or extrusion through polycarbonate membranes. Archaeosomes 
can be also prepared by the reverse phase evaporation method 
combined or not with bath sonication. Other methods, such 
as pressure extrusion, freeze, and thaw [12, 13], as well as 
dehydration-hydration, are applicable for archaeosome preparation. 
The selected biologically active molecules can be encapsulated 
or associated with the prepared archaeosomes either during 
their formulation, the molecule to be encapsulated contained 
in the hydration media, or after their formulation where the 
molecule (especially DNA) to be encapsulated is added in the 
archaeosome aqueous dispersion [7].

Regarding ultradeformable archaeosomes, the work described 
by Carrer et al. reports the production of these carriers by the 
thin-film hydratation method. Briefly, appropriate amounts of 
soya phosphatidylcholine in chloroform and TPA and NaChol in 
chloroform:methanol (1:1, v:v) were mixed in round bottom flasks. 
Solvents were rotary evaporated at 40°C until elimination and 
the lipid films obtained were flushed with N2. Lipid films were 
hydrated by the addition of an aqueous phase (10 mM Tris–HCl 
buffer plus 0.9% w/v NaCl, pH 7.5 (Tris–HCl buffer)) up to a 
final concentration of 43 mg of phospholipids/mL. The resultant 
suspensions were sonicated (45 min with a bath type sonicator 
80 W, 40 kHz) and extruded 15 times through three stacked 
0.2, 0.1 and 0.1 μm pore size polycarbonate filters using a 
100 mL Thermobarrel extruder. The drug was dissolved in 
the aqueous phase used for the hydration of the thin film at 
1.15 mg/mL. After extrusion, they were submitted to five 
freeze–thaw cycles between –70 and 40°C. Finally, vesicles were 
purified on Sephadex G-75 using the minicolumn centrifugation 
technique [14].
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From the characterization point of view, empty and/or drug-
loaded archaeosomes can be characterized by methods used 
for conventional liposomes (Table 9.1).

Dynamic light scattering (DLS) allows the measurement of 
the average diameter and size distribution of the corresponding 
vesicles, phase analysis light scattering may be applied for zeta 
potential evaluation [14]; transmission electron microscopy (TEM) 
[12], cryo-TEM and TEM after freeze-fracturing of the preparation, 
contrast and fluorescence microscopy, give access to the shape, 
diameter and structure of the corresponding nanocarriers.

Atomic Force Microscope (AFM) allows to obtain some images 
concerning liposomal shape for morphology evaluation [13]. 
Archaeosomes may be studied also by using electron paramagnetic 
resonance and fluorescence emission spectrometry [21].

Differential scanning calorimetry (DSC) is used to investigate 
changes in their thermal behavior and is a great tool which can 
be used to investigate the interaction between liposomes and 
drug molecules. It can be realized that whether the drug is loaded 
in the carrier [24].

Phase contrast light microscopy (PCLM) and scanning 
electron microscopy (SEM) allow the observation of structures of 
archaeosomes and aggregates obtained by mixing archaeosomes 
with multivalent cations or organic cationic compounds, named 
archaeal lipid mucosal vaccine adjuvant and delivery (AMVAD) 
systems as described by Patel et al. [31]. Using the previously 
cited techniques it has been ascertained that archaeosomes 
had a small, individual and spherical structure whereas their 
AMVAD presented a large spherical structure aggregated into 
clumps. Patel et al. confirmed these observations by fluorescence 
microscopy carried out with 5(6)-carboxyfluorescein (CF) 
encapsulated archaeosomes and AMVAD [31].

Other authors used phase contrast microscopy and/or 
fluorescence microscopy with CF-encapsulated formulations to 
characterize the structure of their archaeosomes [32].

Besides archaeosome size, size distribution, shape and 
structure characterizations, studies to evaluate vesicle stabilities 
under various conditions have to be performed. Choquet et al. 
tested the stability of archaeosomes prepared from TPL of various 
archaea under different conditions (presence of phospholipases, 
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temperature, pH) by fluorescence measurements (CF release), 
by radioactivity leakage ([14C]-sucrose leakage) and by vesicle size 
measurements. The results demonstrated that archaeobacterial 
ether lipids formed archaeosomes able to resist enzymatic 
attack. Studies on CF release as a function of temperature and on 
[14C]-sucrose leakage as a function of pH suggested that: (1) the 
presence of tetraether lipids is a stabilizing factor of vesicles at 
high temperature; (2) the ether bonds are partly responsible for 
the enhanced stability of archaeosomes at high temperature and 
extreme pH. Moreover, oxidation degradation is limited because 
of high stability of fully saturated phytanyl chains [33]. Similar 
studies were also carried out by Benvegnu et al. with vesicles 
based on synthetic archaeal lipid analogues. They showed that 
increasing amounts of synthetic archaeal lipids in archaeosome 
formulations exhibited a better stability in the presence of 
surfactants reproducing the behavior of bile salts, calf serum 
mimicking the blood medium and in acid pH conditions as 
found in the stomach [7].

Electrospray ionization mass spectrometry (ESI-MS) technique 
is an extremely soft method for molecular ionization in the 
gaseous phase, which induces the formation of molecular ions 
(protonated, deprotonated species, and adducts). In the field 
of lipidomics, ESI-MS has proven useful in lipids identification 
and quantification. Elaborated studies based on this technique 
has been applied to quantify different types of non-covalent 
associations such as electrostatic interactions (e.g., salt bridges), 
dipolar interactions (e.g., hydrogen bonds), and van der Waals 
interactions (e.g., hydrophobic interactions), between protein–
protein, protein–small molecule, and protein–DNA complexes [14].

In addition, two important technical parameters that should 
be taken into account are (i) measurement of deformability 
(D), and the (ii) determination of encapsulation efficiency (EE).

The deformability (D) value of liposome-derivatives may be 
calculated according to the following equation:

	 = × × 2,
rv

D J
rp

 
 
 

where J is the rate of penetration through a permeability barrier, 
rv is the post extrusion liposomal radii and rp is the extrusion 
membrane pore radii. This Van der Bergh assay is a simple 
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method used to identify highly deformable nanoliposomes. In 
there the nanoliposomal flux under a low extrusion pressure 
across membranes of pore radii half of the liposomal radii 
(usually 100 nm mean diameter) and the mean size post-extrusion 
are measured. As a result, the relative deformability—which is 
inversely proportional to the absolute elastomechanic parameter 
Young’s modulus—is determined. For example, in Carrer et al. 
study in order to measure J, nanoliposomes were extruded 
through two stacked 50 nm rp membranes at 0.8 MPa using a 
Thermobarrel extruder. Extruded volume was collected every 
minute along 15 min, phospholipid was quantified in each fraction 
and J was calculated as the area under the curve of the plot of 
phospholipid recovered as a function of time. The average post 
extrusion liposomal radii (rv) was measured by DLS [14].

The encapsulation efficiency (EE) may be assessed by UV 
spectrophotometer, indirectly by an ultracentrifugation method. 
To quantify the drug content, the supernatant is withdrawn 
and subsequently analyzed. The encapsulated amount of drug 
is calculated by subtracting the free amount of drug from the 
total amount in the dispersion, applying the following equation:

	 a s

a

–
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W

 
 
 

where Wa is the weight of drug added in the formulation and 
Ws is the weight of drug analyzed in the supernatant (after 
separation of lipid and aqueous phases by ultracentrifugation) [34].

Additional studies that should be carried out in order to 
complete the characterization and the evaluation of archaeosomes 
as drug delivery systems include the pharmacokinetics and 
biodistribution assays, which can be carried out via (i) in vitro 
drug release studies, usually performed by using dialysis 
membrane method and a specially designed Franz diffusion cell; 
(ii) in vitro/in vivo skin permeation; (iii) drug release kinetics. 
The release mechanism is evaluated using different kinetic 
models including zero-order, first-order, Higuchi, and Korsmeyer–
Peppas (also called power law) (the latter is dependent on the 
fraction of drug released at time, rate constant, and release 
exponent) [11], in order to better characterize the drug release 
behavior:
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where %Rt is the percentage drug released at time t, %R∞ is the 
total percentage drug released, %Rt/%R∞ is the fraction of 
drug released at time t, K is the release rate constant, n is the 
diffusion release exponent that could be used to characterize 
the different release mechanism n < 0.5 (Fickian diffusion), 
0.5 < n < 1.0 (anomalous transport), and >1.0 (case II transport; 
i.e., zero-order release) [35].

Permeation studies are performed by using vertical amber 
glass Franz-type diffusion cells. The excised skin is mounted 
between donor and receptor compartment of Franz diffusion 
cell avoiding bubbles formation, with SC side facing the donor 
compartment and the dermis facing the receptor medium receiver 
compartment, filled with ethanol/transcutol P1 (50:50; v/v) 
allowing sink conditions to be maintained. Samples are applied 
to the donor compartment. Temperature is kept at 32°C to mimic 
in vivo conditions by a circulating-water jacket and stirred with 
a magnetic rotor at a speed of 700 rpm. Aliquots of some 
hundred mL are withdrawn at regular time intervals and replaced 
with the same volume of doubled distilled water after each 
collection with great care to avoid trapping air beneath the 
dermis. The samples are until analyzed by HPLC [34].

For skin permeation parameters, the cumulative amount of 
drug permeated (Qt) through excised human skin is plotted as 
function of time and determined based on the following equation:
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where Ct is the drug concentration of the receiver solution at 
each sampling time, Ci the drug concentration of the i sample, 
and Vr and Vs the volumes of the receiver solution and the 
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sample, respectively, S represents the skin surface area. Drug 
fluxes (J, m g/cm2/h) through the skin, from the assayed 
formulations is calculated from the slope of linear portion of the 
cumulative amounts permeated through the human skin per unit 
surface area versus time plot by regression [34].

At the end of the permeation study, the amount of drug 
remaining on the skin is quantified in order to know if there 
are differences between formulations assayed. Skin mounted on 
the diffusion cell is carefully taken off, cleaned with gauze soaked 
in a 0.05% solution of dodecyl sulfate and washed in distilled 
water. The permeation area of the skin is cut and weighed. Drug 
contended in the skin is extracted with ethanol/transcutol P1 
(90:10) during 20 min under cold sonication in an ultrasound 
bath. The resulting solution is centrifuged and measured by 
HPLC, yielding the amount of drug retained in the skin (expressed 
as microgram per gram square centimeter) [34].

Another important study is the histological evaluation. 
For instance, in Clares’ work the other part of the skin samples 
coming from permeation studies is harvested and fixed in 10% 
neutral-buffered formalin and then dehydrated by ethanol solution 
in different concentrations, then embedded in paraffin wax. 
Formalin-fixed, paraffin-embedded samples are cut in 5 mm-thick 
sections on a microtome with a disposable blade and conventionally 
stained with hematoxylin-eosin. The samples are then examined 
by light microscope and compared with the control sample [34].

Homogenization is an important factor in the archaeosomes 
preparation, and their size control. It is believed that 
homogenization probably prevents the aggregation and fusion 
of particles. Reduction in the particle size is important parameter 
for improving the performance of poorly soluble drugs. Also, 
the results of a study demonstrated that homogenization time 
can significantly affect the particle size of vesicles. It has been 
accepted that decreasing the particle size of vesicles may cause an 
increase in the penetration of encapsulated drugs into the deeper 
skin layers [11]. As is the case of liposomes, it is possible to 
incorporate ligands such as polymers to archaeosomes. In Fact, 
incorporation of PEG and coenzyme Q10 into archaeosomes 
improve the tissue distribution profiles of intravenously 
administered vesicles [2, 22]. It is suggested that cholesterol may 
increase the stability and modify the fluidity of archaeosomes 
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prepared from lipid extracted by archaea. Cholesterol has 
been employed as helper lipid in the liposome formulation to 
improve further stability and rigidity and decrease leakage of 
the encapsulated drugs. Also, it has been widely used to modify 
drug release, improve physical stability, and prolong circulation 
half-life of liposomal drug in vivo. Cholesterol interacts with 
fatty acids of liposomes via hydrogen binding, enhancing the 
cohesiveness and mechanical strength of the membrane [24].

9.3  Other Ultradeformable (Elastic) Liposomes

The current challenge of drug delivery is liberation of drug 
agents at the right time in a safe and reproducible manner to 
a specific target site. A number of novel drug delivery systems 
have emerged encompassing various routes of administration, 
to achieve controlled and targeted drug delivery. The success 
of liposomes as drug carriers has been reflected in a number of 
liposome-based formulations, which are commercially available 
or are currently undergoing clinical trials. Also, novel lipid carrier-
mediated vesicular systems are originated [36].

The vesicular systems are highly ordered assemblies of one 
or several concentric lipid bilayers, when certain amphiphilic 
building blocks are confronted with water. The term “synthetic 
bilayers” alludes to the non-biological origin of such vesiculogenes. 
In recent years, vesicles have become the vehicle of choice in 
drug delivery, playing a role in modeling biological membranes, 
in transport and targeting of active agents. They reduce the cost 
of therapy improved bioavailability of medication, especially 
in case of poorly soluble drugs. They delay drug elimination 
or rapidly metabolized drugs and function sustained release 
systems. This system solves the problems of drug insolubility,  
instability, and rapid degradation [22].

Various types of vesicular systems, over liposomes and archae-
osomes, have been developed such as ethosomes, transfersomes, 
among others which are fully described in Chapters 8 and 10.

9.4  Applications for Skin Injuries

Topical delivery can be defined as the application of a drug 
containing formulation to the skin to directly treat cutaneous 
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disorders like acne or the cutaneous manifestations of a 
general disease like psoriasis with the intent of containing the 
pharmacological or other effects of the drug to the surface of the 
skin or within the skin. A successful topical dermatological 
formulation can be considered to be one that satisfies the target 
product profile and is: (i) physically and chemically stable having 
adequate shelf-life; (ii) releases drug from the formulation and 
delivers it into the skin as required for the target indication; 
(iii) is cosmetically elegant and acceptable to patients; (iv) contains 
only excipients that are necessary, FDA-approved or acceptable 
from a regulatory perspective, and acceptable for the disease 
state; (v) is easy to apply and compatible with the desired 
packaging, and (vi) can be manufactured with a process that is 
scalable to commercial levels [5].

Skin acts as a key target as well as a principle barrier for 
topical/transdermal bioactive delivery. This drug administration 
avoids the hepatic first pass effect, provides continuous drug 
delivery, decreases side effects, and improves patient compliance. 
A major obstacle in TT delivery is low percutaneous penetration. 
Several approaches have been used to weaken skin barrier and 
improve topical/transdermal delivery [2].

One of the many physiological functions of the skin is 
protection, but being a vital organ, the skin must be nourished as 
the other organs of the body. Therefore, percutaneous absorption 
of a drug without allowing other environmental agents in and 
without damaging the skin is a challenge [34].

Briefly, the transdermal delivery system offers many 
advantages over conventional injection and oral methods, namely 
the following: (i) It is convenient method and requires only once 
weekly application. Such a simple dosing regimen can aid in patient 
adherence to drug therapy; (ii) transdermal drug delivery can be 
used as an alternative route of administration to accommodate 
patients who cannot tolerate oral dosage forms; (iii) it is of 
great advantage in patients who are nauseated or unconscious; 
(iv) drugs that cause gastrointestinal upset can be good candidates 
for transdermal delivery because this method avoids direct 
effects on the stomach and intestine; (v) drugs that are degraded 
by the enzymes and acids in the gastrointestinal system may 
also be good targets; (vi) first pass metabolism, an additional 
limitation to oral drug delivery, can be avoided with transdermal 
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administration; (vii) drugs that require relatively consistent 
plasma levels are very good candidates for transdermal drug 
delivery [37]. 

However, probable disadvantages are: (i) possibility of 
local irritation at the site of application; (ii) erythema, itching, 
and local edema can be caused by the drug, the adhesive, or 
other excipients in the patch formulation; (iii) may cause allergic 
reactions; (iv) a molecular weight less than 500 Da is essential; 
(v) sufficient aqueous and lipid solubility, a log P (octanol/water) 
between 1 and 3 is required for permeate to transverse SC and 
underlying aqueous layers [37].

The pH of dermal formulations is an important factor to 
avoid skin irritation or make the skin susceptible to bacterial 
infection. Natural acidity of the skin ranges from 4 to 6, depending 
on the skin area and the age of the individual, due to the buffer 
system in the skin that is able to absorb small quantities of acid 
or alkali material applied to reduce irritation [34].

With transdermal delivery systems, the active pharmaceutical 
ingredient makes contact with the target site before entering 
the systemic circulation. Systemic side effects can be greatly 
reduced, e.g., in circumventing hepatic first-pass metabolism and 
major fluctuations of plasma levels caused by oral administration. 
The biggest challenge for the topical/transdermal delivery 
systems is to ensure the effective penetration of drugs, for example, 
across the scar skin and play the anti-scar role. Besides that, 
problems of short-term effect and requirement of frequent 
administration existed widely in the current topical treatment 
of hypertrophic scar and keloid. For adult tissues, healing of deep 
wounds often leads to excessive scarring of hypertrophic scars 
and keloids. With frequent application, many adverse effects 
occurred such as atrophic changes, steroid atrophy, telangiectasia, 
striae, purpura, stellate pseudoscars, ulceration, easy bruising, 
infections, masked microbial infections (tinea incognito), and 
aggravation of cutaneous candidiasis, herpes or demodex. Thus, 
sustained drug release efficacy and the permeation enhancement 
are fairly important in topical drug delivery system. With the 
sustained release and enhanced permeation could reduce the 
incidence of adverse effects caused by drugs. Recently, several 
topical delivery systems such as liposomes and other vesicular 
systems have been reported for the advantages of biocompatibility, 
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protecting drugs from degradation by external conditions, 
sustained drug release efficacy and the permeation enhancement 
for the treatment of hypertrophic scars and keloids [4]. 

It is well known that the SC, the outer layer of epidermis, 
represents the main physical barrier of the skin, so that for a 
substance permeating across the skin, diffusion through the SC is 
the rate limiting step [38]. In fact, only lipophilic drugs with 
molecular weight < 500 Da can pass through it [5].

In spite of this, novel drug delivery technology, such as some 
of those previously reported, and penetration enhancers may 
help to obviate some of these objections.

Although topical treatment of cutaneous diseases represents 
an important challenge, a way to overcome this problem is 
encapsulation of drugs in liposomal vesicles, such as miconazole 
nitrate, an antifungal agent. According to the results, liposomal 
formulation of the drug may increase percutaneous permeability 
if compared to conventional formulations [39]. Topical application 
of liposome vesicles has many advantages over the conventional 
dosage forms. It has been previously shown that the liposomal 
gel of lidocaine HCL may perform therapeutically better effects 
than the conventional formulation. It has been suggested that 
the formulated liposomes may be applied onto the skin as gel 
[40]. Using different enhancers, enhancement permeability 
of gentamicin sulfate through shed snake skin and liposomal 
membranes has been studied. The results indicated that direct 
effect of surfactants on shed snake skin and liposomal membranes 
is responsible for their enhancing effects [41]. Fluconazole is 
a synthetic antifungal agent that is used in the treatment of 
esophageal, vulvovaginal disorder and is effective against 
dermatophytoses. Fluconazole has adverse effects such as bloating, 
nausea, abdominal problems and vomiting. Mitkari et al. have 
formulated and evaluated a topical liposomal gel of fluconazole. 
Their investigations showed that the entrapment efficiency 
was 57.78–66.64% and liposomal gel was increased the skin 
permeation and deposition of fluconazole compared to control. 
Therefore, in this way the risk of gastrointestinal side effect may 
decrease [42].

The physicochemical properties and the nature of drug and 
absorption enhancers are very important factors in enhancing 
skin permeation of the drugs. For example, methylene blue is 
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a polar compound and, as mentioned before, SC represents the 
main restriction barrier for transdermal delivery of polar 
compounds. It is believed that follicular shunt route is responsible 
for the permeation of polar molecules and drugs. Nevertheless, 
it is accepted that these routes comprise a fractional area 
for permeation of approximately 0.1% of total permeation. 
Consequently, penetration enhancement techniques have been 
concentrated on increasing transport across the SC rather than 
via the appendages. According to some findings, archaeosome can 
be employed as penetration enhancer for polar compounds 
and drugs. Many studies indicated that archaeal lipids are good 
sources for preparation of liposomes due to their remarkable 
thermostability and safety [11]. Delivery of various materials 
through the skin is highly important in different areas particularly 
in cosmetics and skin care. For transdermal delivery of bioactive 
agents using carrier systems, the bioactive compounds must 
be associated with specifically designed vehicles, in the form of 
highly deformable particles, and applied on the skin non- 
occlusively. The inventors claim that transferosomes are 
ultradeformable and squeeze through pores less than one-tenth 
of their diameter. Therefore, 200–300 nm-sized transfersomes 
are claimed to penetrate intact skin. Their penetration works 
best under in vivo conditions and requires a hydration gradient 
from the skin surface towards the viable tissues. It has been 
suggested that transfersomes can respond to external stresses 
by rapid shape transformations requiring low energy. This high 
deformability allows them to deliver drugs across barriers, 
including skin [43].

Another peculiarity of the skin is that to be rich in potent 
APC, that are not readily accessible to parenteral vaccination 
excepting by intradermal route, which is difficult to practice. In 
this sense, the topical route is an attractive alternative enabling 
a much closer access to these skin APC. Topical vaccination 
takes the advantages offered by the avoidance of injectables, 
such as the increased patient compliance, the reduced potential 
re-infection by contaminated material and waste of disposable 
material, as well as the need for specialized trained personal, 
sterilized material and maintenance of cold chain [30].

Particulate and especially nanoparticulate materials, when 
phagocytosed by immature APC, induce stronger antigen- 
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specific systemic humoral, cellular and memory responses as well 
as mucosal immunity, than soluble antigen. However, the SC is the 
main impairment for topical delivery of nanoparticulate material 
to skin APC, and the previous disruption of a substantial SC area 
by mechanical, chemical or physical means, such as hydration, 
tape stripping, electroporation or abrasion is required. Besides, 
upon disruption keratinocytes induce pro-inflammatory cytokines 
that recall an adaptive immune response by stimulating the 
maturation and migration of Langerhans cells. Topical liposomes-
based derivatives have rendered successful pre-clinical results. 
Some of these approaches are already in advanced clinical studies. 
Higa et al. prepared UDA that are vesicles made of soybean 
phosphatidylcholine, sodium cholate and total polar lipids from 
Halorubrum tebenquichense (3:1:3 wt/wt). While UDL, made of 
soybean phosphatidylcholine and sodium cholate at 6:1 wt/wt, 
and UDA were neither captured nor caused cytotoxicity on 
keratinocytes, UDA was avidly captured by macrophages, being 
their viability reduced 60% down to 25%. Instead, UDL were 
poorly captured and caused no toxicity. Both in vitro and in vivo, 
archaeosomes are more avidly internalized by macrophages and 
APC than liposomes, showing to be suitable as topical adjuvants 
[30].

Similar results are reported by Carrer et al. confirming 
UDA as promising topical adjuvants whose deformability is an 
essential property for intact skin penetration up to the viable 
epidermis/dermis [14].

Liposomes loaded with drugs have been investigated as the 
carriers for topical drug delivery to the scar sites for treatment 
because of their efficiency in facilitating skin penetration, releas-
ing drugs slowly, and keeping the moisture of scar skin, etc. Being 
similar to biological membranes, liposomes can navigate water 
soluble and lipophilic substances in different phases or domains. 
Liposomal preparations are reported to reduce the skin roughness 
because of their interaction with the corneocytes and intercellular 
lipids resulting in skin softening and smoothening. However, 
liposomes are metastable systems and their pharmaceutical use 
is often limited by instability. Instability can be due to leakage 
of the vesicles, change in vesicle size due to aggregation or 
fusion, as well as ester hydrolysis and formation of oxidation 
products [4].
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Vogt et al. reported that polyvinyl pyrrolidone-iodine (PPI) 
was carried by a new liposome hydrogel formulation (Betasom 
hydrogel) and was applied to the patients with meshed skin 
grafts after burns [44]. Clinical assessment indicated that better 
antiseptic condition and wound healing quality has been received 
with the Betasom hydrogel treatment. Compared to wounds 
treated with a conventional antiseptic chlorhexidine-gauze, PPI 
liposomal can provide higher moisture to the wound surface, 
release at a low rate, and target the substance exactly by 
interaction with the cells surface [44]. Yang et al. reported that the 
topical treatment of liposome-encapsulated hydroxycamptothecin 
could significantly reduce the epidural scar, compared with that 
of saline control group [45].

Umalkar et al. formulated and evaluated ultradeformable 
vesicles gel of diflorasone diacetate, a corticosteroid, for topical 
application, prepared by using soya phosphatidylcholine and 
four different surfactants, i.e., Span 80, Tween 80, Sodium 
cholate, Span 60 by the lipid film hydration method, showing 
effectiveness in the treatment of psoriasis [46].

Clares et al. developed liposomes for the delivery of retinyl 
palmitate oil, the most stable form of vitamin A, widely known 
for playing an important role in cellular differentiation and 
carcinogenesis prevention, and largely employed in anti-aging 
formulations. It is also thought to induce thickening of the 
epidermis and to be effective for the treatment of skin diseases. 
MLV were obtained following the thin-film hydration method 
at a molar ratio of drug to phospholipids (1:1) [34].

In recent years, niosomes, ethosomes and highly flexible 
liposomes (also called transfersomes) have been studied to take 
the place of conventional liposomes. Niosomes offer higher 
chemical stability, lower costs, and great availability of surfactant 
classes when compared to conventional liposomes. The ethosomal 
system is composed of ethanol, phospholipid and water. The 
effect of ethanol on stratum corneum lipids and on vesicle fluidity 
as well as a dynamic interaction between ethosomes and the 
stratum corneum may contribute to the enhancement of skin 
permeation. Transfersomes that follow the transepidermal 
water activity gradient in the skin can enhance the transdermal 
bioavailability of drugs [4].
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They can incorporate molecules within the hydrophilic 
core, within the lipophilic or hydrophilic areas of the bilayer 
walls, or attached to the surface. By adding surfactants as edge 
activators or ethanol (ethosomes) to the formulation highly 
deformable or ultraflexible liposomes are received. In both ways 
the membrane fluidity is increased, which allows the carrier to 
squeeze through pores that are smaller than the nominal carrier 
diameter when under pressure. Flexible liposomes are pulled 
across the SC via the inter-corneocyte lipid channels by the trans-
epithelial hydration gradient. This mechanism is supposed to 
depend on non-occlusive conditions. During the passage the 
lipid bilayers of the vesicles remain intact so that the cargo is 
protected from potential degradation or undesired distribution. 
Also this mechanism brings them rapidly towards the deeper 
layers of the SC, close to the epidermis, so that they possibly get 
accessible to LCs sampling the environment. In addition, when 
using ethosomes, ethanol may work as a fluidizing agent on the 
intercellular lipid bilayers of the SC, which may further enhance 
their transport across the SC. In contrast, when conventional 
liposomes are applied to the skin they spread on the skin surface, 
dehydrate and coalesce without entering the lipid bilayers. 
Flexible liposomes have been used to improve skin penetration 
of a wide range of active ingredients and have demonstrated 
their superiority compared with conventional liposomes [47].

Skin ageing is associated with physiological processes and 
is inevitable; however, there is an exogenous ageing which is 
caused by extrinsic harmful environment factors and can be 
prevented. One of the most harmful extrinsic factors for skin is 
UV radiation, either A or B radiation. Exposition to these 
radiations leads the formation of reactive oxygen species (ROS), 
which are involved in phototoxicity reactions and inflammation, 
aggravating previous skin diseases and being involved in the 
development of malignant tumors. Among the approaches used 
to protect skin from these degenerative effects, use of antioxidant 
has been adopted as an important strategy, being incorporated in 
cosmetic and pharmaceutical formulations to scavenge free 
radicals in skin. However, delivery of these antioxidants using the 
conventional dosage forms is a challenge due to various reasons 
like poor solubility and permeability, instability and extensive 
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first pass metabolism before reaching systemic circulation. 
To overcome these disadvantages of antioxidant orally 
administration, topically administration could be a more effective 
alternative because of the accumulation of the antioxidant 
compounds just in the area which needs to be protected. 
However, by applying an antioxidant directly on the skin surface, 
it will find a number of difficulties to penetrate through the 
stratum corneum, and therefore the use of a delivery system, 
such as liposomes, could have a doubly beneficial effect. On the 
one hand, it will protect the antioxidant compound of phenomena 
that can alter its chemical structure or biological activity, and on 
the other, it will facilitate the passage through the skin and the 
formation of a deposit in deeper layers of the stratum corneum. 
Despite the many advantages of liposomes, their instability 
constitutes one of the main drawbacks associated with their 
therapeutic application. In this sense, archaeal membrane lipids 
are an excellent raw material to form liposomes [35].

In this regard, González-Paredes et al. carried out a study to 
evaluate the incorporation of antioxidant phenolic compounds, 
recovered from olive mill waste, in archaeosomes formulation, 
in a proper excipient, Carbopol® and Pluronic® gels, in order to 
obtain a dosage form for topical application, namely, archaeosomes 
hydrogels [35]. The result showed that archaeosomes were to 
be more versatile than conventional liposomes for incorporation 
into gels.

9.5  Conclusions

Recent advances in pharmaceutical research have focused on 
novel delivery systems utilizing new devices to achieve 
modification of delivery time, targeting, as well as improve the 
in vivo solubility and hence bioavailability of poorly soluble 
drugs. Generally, most lipid drug delivery systems used as drug 
carriers have high stability, high carrier capacity, feasibility of 
incorporating both hydrophilic and hydrophobic substances 
and feasibility of variable routes of administration, including 
oral, topical, parenteral routes. 

The enormous versatility of liposomes, archaeosomes and 
other vesicular systems, make them valuable carrier systems 
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for bioactive compounds. It is predictable that these delivery 
systems will be increasingly applied in the near future with 
success, leading to major improvements in the therapeutic field.
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Ethosomes: A Novel Carrier for Dermal 
or Transdermal Drug Delivery

10.1  Introduction

Transdermal delivery of drugs and vaccines is an effective 
alternative to oral and parenteral routes of administration. Through 
transdermal drug delivery, it is feasible to evade “first-pass” 
inactivation by the liver, diminish the likelihood of gastrointestinal 
irritation, offer steady absorption of medication over long periods 
of time, reduce the frequency of dosing, which in turn improves 
adherence, and lower the frequency of adverse effects through 
the avoidance of high serum drug peaks [1]. Following critical 
examination of numerous transdermal formulations that are 
currently available in the market and from emerging evidence of 
several ongoing clinical trials for debilitating human ailments, 

Dinesh Kumar Mishra,a Neelam Balekar,a Vinod Dhote,b 
and Pradyumna Kumar Mishrac

aIPS Academy, College of Pharmacy, Indore, Madhya Pradesh, India
bTruba Institute of Pharmacy, Bhopal, Madhya Pradesh, India
cDepartment of Molecular Biology, 
National Institute for Research in Environmental Health, 
Indian Council of Medical Research, Bhopal, Madhya Pradesh, India

dineshdops@gmail.com

www.panstanford.com
mailto:dineshdops@gmail.com


358 Ethosomes

it is amply clear this route of delivery is highly cost-effective. 
Besides, safety and effectiveness, increased acceptability of 
transdermal products in patients have led to an unprecedented 
interest in novel drug delivery technologies to ensure maximum 
drugs are amenable to be administered by this route [2, 3]. To 
design a better transdermal delivery system, it is extremely 
important to understand the structure of skin. The human skin 
offers protective coverage for the internal structure and organs. 
It covers a total surface area of approximately 1.8 m2 at an 
average thickness of 0.00394 in (0.1 mm), accounting for between 
15–18% of the total body weight. The skin has three layers—the 
epidermis, dermis, and fat layer (also called the subcutaneous 
layer). It protects the organism against environmental factors 
and regulates heat and water loss from the body (Fig. 10.1) [4].

Figure 10.1	 Structure of skin.

Epidermis is the outermost layer of skin and composed of 
four strata: the stratum germinativum (or basal layer), the 
stratum granulosum (the malpighian layer), the stratum lucidum 
(the granular layer), and stratum corneum (the horny layer). 
The stratum corneum (SC) is the heterogeneous outermost layer 
of the epidermis and is approximately 10–20 µm thick. Within 
the epidermis there are distinct types of cells: keratinocytes, 
melanocytes, and dendritic cells (DCs). DCs are also present in 
dermis layer participating in the recognition of invading pathogens. 
The surface lipid film and the SC form the interface with the 
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environment providing the site for the topical application of 
medications [5, 6].

Dermis is 10–40-fold thicker than the epidermis, depending 
on the area of the body. It is a matrix of loose connective tissue 
composed of polysaccharides and protein (collagen and elastin) 
and metabolically less active than the epidermis. This matrix 
contains nerves, blood vessels, hair follicles, sebaceous and 
sweat glands [7, 8]. Mast cells, macrophages, leukocytes, and 
endothelial cells of the blood vessels are also located in the 
dermis. The function of the dermis is to nourish the epidermis 
and anchor it to the subcutaneous tissue. Subcutaneous tissue 
serves as a receptacle for the formation and storage of fat. It acts  
as both heat regulator and shock absorber [2].

Transdermal route has received wide attention for many 
decades owing to its huge surface area and properties that 
promote drug delivery [3, 6, 9]. However, skin tends to be the 
strongest barrier for the entry of drug entities, and hence it 
is essential to design the drug delivery system in the most 
appropriate manner which includes the selection of a vehicle 
to deliver the medicament into the skin layers (cutaneous 
delivery), or through the skin and into the systemic circulation 
(percutaneous absorption) [10]. Different types of drug delivery 
systems have been designed for application on the skin. In 
dermatopharmacotherapy, the primary purpose is to apply drugs 
to the skin for inducing local effects at the site of application [11].

To achieve this target in dermatopharmacotherapy, selective 
delivery systems were developed to enhance penetration of 
active ingredients at the site of action. However, the poor skin 
penetration by most of drugs is one of the major problems in 
dermatopharmacotherapy, since only a small portion of dose 
finally reaches the sites of action producing limited local activity 
[6, 12]. Moreover, few drugs which can easily penetrate the skin 
are quickly removed by blood circulation, producing systemic 
effect rather than local effects. In order to deliver drugs through the 
skin, most compounds necessitate various degrees of permeation 
enhancement [13].

Classic enhancement methods focus primarily on chemical 
enhancement or modulation of interactions between the drug 
and the vehicle [14]. Recent literature indicates the use of 
innovative vesicular carriers, electrically assisted delivery, various 
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micro invasive methods, and some incorporating technologies 
from other fields [15–17]. The best avenue to improve drug 
penetration and/or localization is obviously by manipulating 
the vehicle or using a drug carrier concept. Dermatological and 
cosmetic preparations frequently contain active pharmaceutical 
ingredients, which can only act when they penetrate at least the 
outermost layer of the skin [18]. On the other hand, the efficacy 
of these actives is suboptimal since the transport into the skin 
is leisurely owing the resistance offered by outermost layer 
of the skin. To conquer these restrictions, various approaches 
are undertaken to increase permeation (Fig. 10.2) [19].

Figure 10.2	 Various approaches for permeation enhancement through 
dermal and transdermal route.

10.2  Novel Carriers as Tools for Modulation 
of Skin Permeability

Skin is considered as a remarkably efficient barrier designed to 
keep our insides in and the outside out. The modulation of this 
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barrier property, including permeability to drugs, chemicals, and 
bioactive agents is the prime requirement as well as target for 
transdermal delivery. Therefore, several approaches have been 
attempted to enhance the permeation rate of various agents. 
One of the approaches is the application of novel carriers that 
are capable of providing controlled release, delivery of drug 
at predetermined rate and targeted delivery. This may lead to 
improved efficacy, safety, and better patient compliance. Novel 
delivery systems or carriers for effective dermal and transdermal 
delivery are microparticles, nanoparticles, liposomes, elastic 
liposomes, niosomes, ethosomes, etc. The ideal delivery systems 
should be safe, non-toxic as well as non-immunogenic and also 
economical. Moreover, such systems should be pharmaceutically 
acceptable, stable, biocompatible, and amenable to the patient 
[20–23]. The main delivery systems are discussed in the following 
paragraphs.

10.2.1  Microparticles/Nanoparticles

Micro/nanoparticles are suitable vehicles for delivery of the drug, 
proteins, and peptides. These carriers offer numerous advantages 
like their potential ability for controlled release of encapsulated 
agents and long lasting responses, efficient phagocytosis due 
to their particulate nature, and also capacity to induce cellular 
immune responses. Various nanoparticles constituted by gelatin, 
PLGA, chitosan, and lipid have been successfully used for enhanced 
transdermal delivery [24, 25]. 

10.2.2  Liposomes

Liposomes are colloidal particles containing concentric 
bimolecular layers and possess ability to encapsulate both polar 
and non-polar drugs. These lipid vesicles are usually made up of 
phospholipids and cholesterol. They can be prepared with various 
sizes, number of lamellae, structure, and different payloads. 
They are a versatile tool for delivery of large array of bioactives 
ranging from drugs to high molecular weight proteins and 
peptides. The amphipathic nature of liposomes may allow them 
to be widely used as a non-invasive delivery agent [21, 26].

Novel Carriers as Tools for Modulation of Skin Permeability
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It is generally reported that topical application of liposomes 
tends to accumulate in the SC, upper skin layers and in the 
appendages, with minimum or no penetration into deeper skin 
or systemic circulation. However, the results obtained so far by 
various researchers about the efficacy of liposomal system for 
facilitating transdermal delivery are quite conflicting. In fact, the 
composition of the vesicles influences their physico-chemical 
characteristics such as size, charge, thermodynamic status, 
lamellarity, and bilayer elasticity [27, 28]. Thus by modifying 
the structure and composition of liposomes we can have more 
versatile, safe and efficient tool for transdermal delivery.

10.2.3  Elastic Liposomes

A novel class of modified liposomes, containing an optimum 
amount of edge activator with highly elastic nature, has been 
developed: Transfersome®. These carriers were firstly described 
by Cevc and Blume (1992), and subsequently they have been 
the subject of numerous patents and literature reports [29]. 
Elastic liposomes (Transfersome®) are specially optimized since 
ultradeformable lipid vesicles have been claimed to penetrate and 
permeate the skin layers as intact vesicles to reach the systemic 
circulation. The elasticity possessed by these vesicles is the 
consequence of an edge activator (often a single-chain surfactant 
that enhances the deformability via lipid bilayer destabilization) 
incorporated within the phospholipid-based system. In most 
cases, the phospholipid and edge activator contents have been 
optimized to attain the desired deformable nature of the elastic 
liposomes, to increase elasticity and penetrability. These novel 
carriers are applied under non-occlusive conditions in the form 
of semi-diluted suspension to offer an efficient dermal and 
transcutaneous drug delivery of high and low-molecular-weight 
substances [23, 30, 31].

10.2.4  Niosomes

Niosomes are non-ionic surfactant based vesicles similar to 
liposomes formed by hydration of synthetic non-ionic surfactants 
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and cholesterol. These vesicles are similar to liposomes in terms 
of physical properties and prepared in the same way. Niosomes 
alleviate the demerits associated with classic liposomes such as 
chemical instability, variable purity of phospholipids and high 
cost. In addition, they have more penetrating capability than the 
classic liposomes [32, 33].

10.2.5  Ethosomes

Ethosomes are soft, malleable ethanolic phospholipid vesicles 
tailored for enhanced delivery of active agents. The high 
concentration of ethanol causes disturbance of skin lipid bilayer 
organization; hence, when incorporated into a vesicular 
membrane, it improves the vesicle’s capability to go through the 
SC [34]. Although the lipid membrane is less tightly packed than 
conventional vesicles, it has equivalent stability and improves 
drug distribution ability in SC lipids [28]. This extended non- 
invasive delivery of drug molecules of variant size is useful for 
delivery of cultured cells and microorganisms as well. Enhanced 
delivery of these bioactive molecules through the skin and cellular 
membranes by means of an ethosomal carrier offers numerous 
challenges and prospects for the research and future development 
of novel improved therapies [35–37].

Ethanolic liposomes, or ethosomes, are novel lipid based 
and non-invasive delivery carriers that enable biologically active 
agents to reach deeper skin layers and/or systemic circulation. 
These systems are mainly composed of phospholipids, a relatively 
high concentration of ethanol (20–50%) and water (Fig. 10.3) 
[38]. Previously, it was generally thought that a high alcohol 
concentration lead to the destruction of lipid vesicular structure, 
owing to the interdigitating effect of alcohol on lipids. Afterward 
Touitou et al. (1997) demonstrated the coexistence of phospholipid 
vesicles with a high concentration of ethanol, leading to the 
formation of soft, malleable, highly fluid vesicles [39]. The size of 
ethosomes can be modulated from tens of nanometers to microns 
[40, 41].

Novel Carriers as Tools for Modulation of Skin Permeability
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Figure 10.3	 Structural feature of ethosomes.

10.2.5.1  Ethosomes composition

Ethosomes are vesicular carriers that comprise hydroalcoholic or 
hydro/alcoholic/glycolic phospholipids in which the concentration 
of alcohols or their combination is relatively high [35]. The 
various type of additives used in the ethosomes preparations 
are represented in Table 10.1 [42–48].

Table 10.1	 Different additives employed in formulation of ethosomes

Additives Uses Examples

Phospholipid Vesicles forming 
component

Soya phosphatidyl choline, egg 
phosphatidyl choline, dipalmityl 
phosphatidyl choline, distearyl 
phosphatidyl choline

Polyglycol Skin penetration enhancer Propylene glycol, transcutol
Cholesterol Stabilizer Cholesterol
Alcohol For providing the softness 

for vesicle membrane and 
as a penetration enhancer

Ethanol, isopropyl alcohol

Vehicle As a gel former Carbopol 934
Dye For characterization study 6-Carboxy fluorescence, 

rhodamine-123, rhodamine red, 
fluorescene isothiocynate

Ethosomes mainly consists of phospholipids with various 
chemical structures like phosphatidylcholine (PC), hydrogenated 
PC, phosphatidylethanolamine (PE), and others alcohol (ethanol 



365

or isopropyl alcohol), water and propylene glycol (or other 
glycols). Ethanol binds to the lipid polar heads and increases the 
fluidity of the liquid crystalline state. Cholesterol at concentrations 
ranging between 0.1–1% can be also added to the preparation. 
By employing 31p NMR, the polar head group motions of PC were 
found to be restricted and anisotropic, and the existence of bilayers 
at 20–45% ethanol range was also confirmed [49, 50]. The 
permeability of phospholipid dispersions at 30–45% ethanol was 
revealed by paramagnetic-ion NMR technique, demonstrating 
phospholipid bilayers in the form of closed vesicles. The ethosomes 
composed of PC: ethanol (2:30%) are claimed to be multilamellar 
vesicles, with evenly spaced lamellas extending to the core of 
the vesicles [51]. As the ethanol content approaches to 45%, a 
small soluble fraction of phospholipids is mixed with the closed 
vesicles [52].

A unique property of ethosomes lies on the possibility of 
controlling their size as a function of the ethanol content. For 
example, the size of ~200 nm diameter vesicles composed of 
2% PC can be reduced by half as the ethanol concentration is 
increased from 20% to 45%. On the contrary, the ethosomes size 
has a limited dependence on the PC concentration. An eight-fold 
increase in PC concentration from 0.5% to 4% results in a two- 
fold increase in ethosomes size (120 to 250 nm) [53–55]. Moreover, 
the high ethanol content is also responsible for the negative zeta 
potential. The high negative zeta potential confers higher colloidal 
stability than its liposomal counterparts. As already mentioned, 
the phospholipids in ethosomes are less tightly packed compared 
to conventional liposomal bilayers, and the membrane presents 
higher permeability for hydrophilic/ionic solutes. Hence, ethosomes 
could be not suited enough to entrap certain hydrophilic solutes 
[50, 56]. In spite of the high ethanol concentration, the average 
size and size distribution of ethosomes usually remain constant 
for at least two years at room temperature. A key difference with 
transfersomes is that ethosomes can be successfully applied 
under occlusive conditions employing patches [57, 58].

10.2.5.2  Mechanism of skin penetration

In terms of the enhanced potential for transdermal delivery of 
biologically active agents—loaded ethosomal carriers, the exact 
mechanism of skin permeability modulation remains somehow 
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speculative. According to Touitou et al. (2000) a synergistic 
mechanism between ethanol, vesicles and skin lipids exists, leading 
to an improved permeation profile. The proposed mechanism 
of ethosomal skin modulation lies in the interaction of ethanol 
with lipid molecules in the polar head region, resulting in a 
reduction of the transition temperature (Tm) of SC lipids, thus 
enhancing their fluidity and leading to a disordered form. This 
transition provides a potential site for soft, malleable ethosomes 
to penetrate more easily within the skin layers (Fig. 10.4) [1, 17].

Figure 10.4	 Proposed mechanisms for skin delivery via ethosomes.

After topical application, the permeation enhancement from 
ethosomes is much greater than would be expected from just 
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pure ethanol, suggesting a synergic mechanism between ethanol, 
vesicles and skin lipids. Ethosomes are generally more effective 
permeation enhancers than ethanol, aqueous ethanol, or ethanolic 
phospholipid solutions. It is hypothesized that ethosomes might 
act as enhancers of drug permeation and as drug carriers through 
the SC [50]. Ethanol may increase the solubility of the drug in 
the vehicle, disturb the organization of the SC lipid bilayer and 
enhance its lipid fluidity. The subsequent mixing of phospholipids 
with SC lipids of the intercellular layers was observed to enhance 
the skin permeability [51–53].

10.2.5.3  Advantages and limitations

Current available drug delivery systems lack in achieving all the 
lofty goals, but sincere attempts have been made to achieve them 
through novel approaches in drug delivery context. Ethosomes 
have emerged encompassing various routes of administration, 
to achieve controlled and targeted drug delivery through the 
mechanism mentioned above [28]. Encapsulation of the drug in 
its vesicular structures can be predicted to prolong the existence of 
the drug in systemic circulation, and reduce the toxicity if a selective 
uptake can be achieved. It offers numerous advantages over 
conventional drug delivery systems, as depicted in Fig. 10.5 [17, 54].

 
Figure 10.5	 Advantages and limitations associated with ethosomes.
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10.2.5.4  Methods of preparation

Ethosomes preparation grounds on simple and easy scale up 
techniques without entailment of any sophisticated instruments 
at both pilot and industrial levels. Basic methods used for 
preparation of these vesicular carriers are as follows:

10.2.5.4.1  Cold method

This is one of the most extensively used methods for preparation 
of ethosomes consisting of two basic and simple steps. In the 
first step, phospholipid or other lipid material is dissolved in 
ethanol by vigorous stirring in a covered vessel and with continuous 
addition of polyols as propylene glycol in a water bath at 30°C. 
Water is heated up to 30°C in a separate vessel and slowly added 
in a fine stream to the above mixture [59]. The drug can be 
dissolved in water or ethanol depending on its hydrophilic/
hydrophobic properties. Stirring is continued for another 5 min 
and the resultant vesicle suspension will be cooled at room 
temperature. The vesicle size of ethosomal formulation can be 
reduced to desired one using sonication or extrusion method 
(Fig. 10.6). Finally, the formulation should be stored under 
refrigerated conditions [55].

Heidolph mixer
for vigorous stirring

Continuous addition
of propylene glycol slowly in a

fine stream

Heated water
up to 30°C

Ethanol +
phospholipid and

 other lipid material

Water bath at 30°C

At room temperature

Ethosomes

Sonication or extrusion

Heidolph mixer
for vigorous stirring

Continuos addition
of propylene glycol

Water bath at 30°C

Figure 10.6	 Cold method.



369

10.2.5.4.2  Hot method

In this method, the phospholipid is dispersed in water in a water 
bath at 40°C until a colloidal solution is obtained. In a separate 
vessel, ethanol and glycols are mixed and heated up to 40°C. 
As temperature of both mixtures reaches 40°C, the organic phase 
is added to the aqueous phase. The final procedure is quite similar 
to cold method (Fig. 10.7) [51, 59].

Continuous addition
of propylene glycol slowly in a

fine stream

Ethanol and 
glycols mixture
Temp. at 40°C

Water +
phospholipid

Water bath at 30°C Water bath at 30°C

Heidolph mixer
for vigorous stirringHeidolph mixer

for vigorous stirring

Water bath at 30°C

Sonication or extrusion

Ethosomes

Temp. at 40°C

Continuous addition
of propylene glycol

Figure 10.7	 Hot method.

10.2.5.4.3  Classic mechanical dispersion method

In this method, phospholipid is dissolved in an organic solvent 
or mixture of organic solvents in a round-bottom flask. Organic 
solvent is further removed using a rotary vacuum evaporator 
above lipid transition temperature to form a thin lipid film on the 
wall of the flask [45]. Traces of the solvent should be removed from 
the deposited lipid film by leaving the contents under vacuum 
overnight. The lipid film is then hydrated with drug hydroethanolic 
solution by rotating the flask at suitable temperature with or 
without intermittent sonication. Finally, the resultant ethosomal 
suspension is cooled at room temperature (Fig. 10.8) [24, 34].

These methods have been extensively used by researchers 
to investigate efficacious dermal/transdermal delivery of different 
actives.

Novel Carriers as Tools for Modulation of Skin Permeability



370 Ethosomes

Figure 10.8	 Classic mechanical dispersion method.

10.2.5.5  Characterization of ethosomes

Characterization of any dosage form or delivery system is very 
important from the manufacturing as well as therapeutic efficacy 
point of view, being also needed to get a reproducible product. 
The characterization parameters of ethosomes are quite similar 
to other vesicular carrier systems (Fig. 10.9). Vesicle shape and 
surface morphology can be studied by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) in which 
spherical or nearly spherical shaped structure and unilamellar 
or multilamellar vesicles can be observed [36]. Vesicles size and 
size distribution can be measured by dynamic light scattering (DLS) 
technique. Zeta potential measured by laser Doppler anemometry 
(LDA) is the electric potential of the vesicles including its ionic 
atmosphere, which affects vesicular properties such as stability 
and skin-vesicle interaction [46]. High zeta potential whether 
positive or negative improves the vesicles physical stability by 
preventing their aggregation owing to electrostatic repulsion and 
increasing the inter bilayer distance. The entrapment efficiency 
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of drug-loaded ethosomes can be measured by different methods 
after the purification step of ultracentrifugation, size exclusion 
chromatography or dialysis. Entrapment efficiency gives an idea 
about the amount of drug in possible three areas of the vesicles: 
the quantity adsorbed in the vesicular membrane, the quantity 
incorporated into the membrane bilayer and the quantity included 
in the internal core phase [48–53]. The entrapment efficiency is 
affected by both lamellarity of vesicles and drug solubility in the 
ethosomal system.

Figure 10.9	 Characterization of ethosomal formulations. 

Vesicles softness can be indicated by measurement of 
transition temperature of the lipids present in the vesicular system 
[49]. The extent or depth of skin penetration can be evaluated 
by confocal laser scanning microscopy (CLSM) with application 
of various dyes-loaded vesicles [24, 34, 35].

Finally, the ethanol content is a significant parameter of 
ethosomes and can be estimated using enzymatic diagnostic kit 
based upon oxidation of alcohol to aldehyde. The phospholipid 
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content can be quantified by Barlett assay by colorimetric 
estimation at 830 nm [26].

10.2.5.6  Stability of ethosomes

Technically stability is defined as the capacity of formulation 
in a specific system to remain within its physical, chemical, 
microbiological, therapeutic, and toxicological limits. Stability is 
a major concern for the development of marketed preparations. 
In vitro stability is related with the issues prior to formulation 
administration while in vivo stability is evaluated after 
administration of formulation via different routes to the biological 
fluids. Ethosomes offer enhanced stability in contrast to other 
vesicular carriers such as liposomes, vesosomes, etc. [60]. In case 
of stored liposomes, they are liable to fuse and grow into larger 
vesicles which promote the breakage of liposomal vesicles. In fact, 
drug leakage from the vesicles represents a significant problem 
during storage. The lack of electrostatic repulsion is expected 
to account for the propensity of neutral liposomes to amassed, 
whereas in ethosomes, ethanol causes a variation of the net charge 
of the system (e.g., impart negative charge) and confers some degree 
of steric stabilization leading to increased stability of vesicles 
against agglomeration and drug leakage from vesicles. Increasing 
the concentration of ethanol from 20% to 45% improves the 
entrapment efficiency owing to an increase in the fluidity of the 
membranes [61–63]. However, a further increase in the ethanol 
concentration (>45%) destabilizes the vesicles membrane leading 
to a decrease in entrapment efficiency. Another difficulty remains 
on the purity of phospholipids and phospholipids containing 
unsaturated fatty acids that endure oxidation whose reaction 
products can cause permeability changes in the ethosomal 
bilayers [64]. Oxidative degradation can be diminished by certain 
procedures, such as protecting the lipid preparation from light; 
using phospholipids which contain saturated fatty acids, and 
adding antioxidants as a-tocopherol. Additionally, hydrolysis 
of lipids leads to the formation of lyso-lecithin. The presence 
of lyso-lecithin in lipid bilayers greatly enhances the permeability 
of ethosomes; hence, it causes leakage of drug from ethosomal 
vesicles. Thus, it is important to start with phospholipids which 
are free of lyso-lecithin and any phospholipases.



373

10.3  Applications

Ethosomal systems are a modified version of well-established 
and popular dosage form i.e. liposomes. They are considered as 
non-invasive type of carriers that deliver drugs to deep skin layers 
and/or systemic circulation. Ethosomes are sophisticated, safe, 
and effective systems and easily prepared. Once any moiety 
is entrapped within the system, it is not exposed to metabolic 
degradation and dilution. These types of systems have a prolonged 
drug release improving the therapeutic benefit. Some of important 
applications of ethosomes are briefly discussed below and 
summarized in Fig. 10.10.

 
Figure 10.10	 Applications of ethosomes in drug delivery.

10.3.1  Pilosebaceous Targeting

Hair follicles and sebaceous glands are recognized as potential 
components in the percutaneous drug delivery. Minoxidil-loaded 
ethosomal formulation was investigated for the treatment of 
baldness. It was observed that conventional topical formulation 
had very poor skin permeation as well as poor skin retention 
properties compared to ethosomal formulation. This study showed 
the utility of ethosomal carriers for pilosebaceous targeting of 
minoxidil to achieve better clinical efficacy [17, 65, 66]. In addition, 
pilosebaceous targeting using ethosomes represented a better 
option for several dermatological disorders like eosinophilic 
pustular folliculitis (EPF) and Kaposi sarcoma [67].

Applications
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10.3.2  Hormones Delivery

Hormones delivery by means of oral delivery is associated with 
low bioavailability, hepatic first pass metabolism, dose related 
side effects and low patient compliance. Researchers enumerated 
different approaches for the transdermal delivery of hormones by 
ethosomes. Touitou et al. investigated the efficacy of ethosomes for 
transdermal delivery of testosterone over marketed testosterone 
transdermal patch. When both formulations were compared, a 
greater skin permeation of testosterone-loaded ethosomes was 
reported. Both in vitro as well as in vivo studies demonstrated 
increased skin permeation and bioavailability of testosterone 
from ethosomal formulation [68, 69].

10.3.3  Antimicrobial Delivery

In case of microbial infection, the microbes tend to be localized 
intracellularly hindering the treatment with antimicrobials. 
Ethosomes could be a better option for antimicrobial delivery as 
it was realized by many researchers. Touitou et al. demonstrated 
better intracellular delivery of bacitracin-loaded ethosomes with 
application of CLSM and fluorescence activated cell sorting (FACS) 
techniques in different cell lines [10, 43]. Greater cellular uptake 
of anti-HIV drugs also suggested ethosomes as an attractive 
alternative for anti-HIV therapy [34].

10.3.4  DNA Delivery

Skin is now considered as an excellent protective barrier against 
environmental pathogens, immunologically active and able to 
express certain genes. Accordingly, ethosomes were also used for 
topical delivery of DNA molecules to express genes in skin cells. 
Touitou et al. incorporated the green fluorescent protein (GFP)- 
CMV-driven transfecting construct into ethosomal formulation 
which was applied on the dorsal skin. CLSM revealed effective 
delivery of GFP via ethosomes and expression of genes in skin 
cells [70, 71].

10.3.5  Macromolecules Delivery

Macromolecules such as proteins or peptides still face some 
challenges for oral delivery due to degradation in gastrointestinal 
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tract. Non-invasive delivery could be a better option for overcoming 
the problems associated with oral delivery. Effective insulin 
delivery using ethosomes proved its utility for macromolecules 
delivery [66].

10.3.6  Vaccines Delivery

Transcutaneous immunization offers a new method for the 
delivery of vaccines that relies on the application of antigen with 
adjuvant onto the outer layer of the skin, and subsequent delivery 
to underlying Langerhans cells (LCs) that serve as antigen-
presenting cells (APCs). Non-invasive mode of vaccine delivery 
could decrease the incidence of needle-borne diseases, reduce 
the complications associated to physical skin penetration, and 
improve access to vaccination by eliminating the need of trained 
personnel and sterile equipment. Ethosomes are interesting and 
innovative carriers that present an ample opportunity to transport 
active molecules more efficaciously through the SC into deeper 
skin layers than conventional formulations. In another study, 
HBs Ag-loaded ethosomes were observed to cause a protective 
immune response due to their ability to traverse and target the 
immunological milieu of the skin. This suggested the potential 
of ethosomal carrier system in development and delivery of 
vaccines [24].

10.3.7  Cosmeceuticals

The concept of better skin distribution ability of nanocarrier 
ethosomes was explored to serve useful cosmeceutical purpose. 
Esposito et al. formulated an ethosomal gel of an anti-keratinizing 
agent (azelaic acid) for the treatment of acne and compared 
in vitro release with conventional liposomes. The release rate 
was found to be better in case of ethosomal systems. Apart from 
dermatological skin treatment, ethosomes can be also effectively 
used to deliver anti-aging agents [65, 72–75]. Considering that 
antioxidants are usually not stable and can be degraded under 
light exposure, Koli et al. developed antioxidant-loaded ethosomes 
for topical delivery including the synergistic mixture of vitamin 
A palmitate, Vitamin E, and Vitamin C. The results suggested 
that synergistic interaction of Vitamin C in the aqueous core and 
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vitamin A and E in the lipid bilayer provided complete protection 
against oxidation in ethosomal system [76]. 

10.4  Marketed Products Based on Ethosomes

Following the research and technology advancement, some of 
the products based on ethosomal system are already available in 
the market. Table 10.2 shows some of these marketed products 
[46, 55, 58, 77].

Table 10.2	 Marketed products based on ethosomal drug delivery system

Product Uses Manufacturer

Cellutight EF® Topical cellulite cream that 
contains a powerful combination 
of ingredients to increase 
metabolism and break down fat.

Hampden Health, 
USA

Decorin cream® Anti-aging cream for treating, 
repairing, and delaying the 
visible aging signs of the skin 
including wrinkle lines, sagging, 
age spots, loss of elasticity and 
hyperpigmentation.

Genome Cosmetics, 
Pennsylvania, US

Nanominox® First minoxidil-loaded 
ethosomes product. Contains 4% 
minoxidil, a  well-known hair 
growth promoter that must be 
metabolized by sulfation

Sinere, Germany

Noicellex® Topical anti-cellulite cream Novel Therapeutic
Technologies, Israel

Skin genuity® Powerful cellulite buster that 
reduces orange peel.

Physonics, 
Nottingham, UK

Supravir cream® Formulation of acyclovir for 
the treatment of herpes virus. 
It has a long shelf life with 
no stability problems for at 
least three years at 25°C. Skin 
permeation experiments showed 
that this cream retained its initial 
penetration enhancing properties 
even after three years.

Trima, Israel
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10.5  Translational Perspective

Delivery of injectable or oral drugs by adopting a transdermal 
approach has a significant contribution to clinical practice, but 
it has yet to fully achieve its potential as an effective alternative 
to oral route and hypodermic injections. Whereas absence of 
first-pass metabolism and less frequent dosing regimens offer a 
distinct advantage compared with the oral route; non-invasive 
administration and minimal risk of disease transmission are better 
prospects than injectable route. Easy access to a relatively large 
surface area for better absorption without adding any additional 
costs makes this approach highly patient compliant. Despite 
these advantages, hydrophilic drugs are less amenable to be 
administrated by this route. Nevertheless, delivery of vaccines 
through this route seems highly promising as they could generate 
heightened immune responses by targeting epidermal LC and 
dermal DCs residing in the skin at much lower doses than deeper 
injection. In recent years through optimizing preparation, 
characterization, safety, and efficacy criteria, several novel vesicular 
carrier systems have demonstrated great potential in proof-of-
concept studies. Ethosomes consisting of ethanol, propylene 
glycol, phospholipids and water offer a superior prospect as a 
therapeutic molecular vector as compared to a spectrum of other 
nanocarriers due to its higher permeating ability through skin. 
Although the precise mechanism of drug delivery by ethosomes 
remains less defined, a synergistic mechanism between ethanol, 
vesicles and skin lipids allows them to easily penetrate into 
deeper skin layers. The permeation enhancing ability of ethosomes 
has been largely attributed to the complex formation between 
phospholipid vesicles and ethanol which rapidly penetrates into 
the skin and influences the bilayer structure of the SC. The presence 
of ethanol at high concentration makes the lipid membrane less 
rigid which in turn helps the ethosomes to squeeze through 
small spaces such as the openings created by disturbing the 
SC lipid. The introduction of ethosomes marks a new view in 
vesicular research for topical drug delivery. The successful 
commercialization of ethosomal products has affirmed their 
position in market. While majority of the launched products are 
cosmeceuticals, exploration of this system for pharmaceuticals 
holds immense promise. As ethosomes can be tailored to improve 
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the delivery of a number of molecules to the cellular membranes, 
it offers a good opportunity for non-invasive delivery of small-, 
medium-, and large-sized drug molecules. The ethosomal 
technology can be broadened to expose the agents to cultured cells 
and microorganisms for developing bio-engineering approaches. 
The delivery of hydrophilic drugs and quantum dots through 
human skin via ethosomes holds good promise. Through a series 
of investigative studies, ethosomes have proved to be an effective 
molecular vector offering superior safety, efficacy, long-term 
stability, simplified industrial manufacture as well as better 
patient compliance as compared to conventional transdermal 
permeation enhancement techniques. However, the clinical 
evaluation of intracellular targeting via ethosomes is still in its 
“infancy.” Future refinements pertaining to issues in composition, 
preparatory methods, molecular mechanisms of skin permeation, 
characterization, and stability at product development stage will 
open new avenues for ethosomes as a potential molecular vector 
for clinical translation.
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Lipid-Based Nanocarriers for the 
Treatment of Infected Skin Lesions

11.1  Skin Infections

The skin is the first line of defense between the body and the 
environment, protecting the body from toxic chemicals, ultraviolet 
radiation, microorganisms, and mechanical trauma [1, 2]. However, 
if skin barrier is destroyed as a result of any accident such as 
burns, wounds, bites, ulceration, or laceration, infections may 
occur. Skin infections constitute a vast array of conditions 
that range in severity from benign to life threatening. Bacterial, 
mycobacterial, parasitic, fungal, and viral skin infections represent 
a primary category of dermatologic illnesses contributing annually 
for substantial health and economic burden. These pathologies 
are a common cause of hospital admissions leading to significant 
morbidity. The clinical presentation of infectious skin diseases 
varies with the type of pathogen involved, the skin layers and 
structures damaged and the underlying medical conditions of 
patients [3]. Numerous antimicrobial drugs have been considered 
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for the treatment of bacteria and parasites induced diseases and 
disorders. However, inefficient delivery of these drugs might 
result in inadequate therapeutic effect and in severe side effects.

Currently, progress and challenges in constructing nanocarrier 
platforms for delivering various antimicrobial drugs for infected 
skin lesions have been attempted. In the present review problems 
related to mycobacterial and parasitic skin infections will be 
particularly focused as well as new alternative strategies for 
treatment of these pathologies.

11.1.1  Mycobacterial Skin Infections

Mycobacterial diseases may be divided in three categories: 
tuberculosis, leprosy, and non-tuberculous mycobacteria (NTM) 
[4]. Mycobacteria responsible for tuberculosis and leprosy are 
sensitive to several existing antimycobacterial drugs. However, 
NTM has become more important in developed countries primarily 
due to the emergence of AIDS. NTM are also called atypical 
mycobacterial infections being capable of affecting lungs, lymphatic 
system, bone tissues, or skin. In particular, skin NTM depends 
on host immunity as well as environmental and living conditions.

The mycobacteria species that may cause localized infections 
of the skin and subcutaneous tissue are M. chelonae, M. fortuitum, 
M. abscessus, M. marinum, and M. ulcerans. Rapid growth of M. 
chelonae, M. fortuitum, or M. abscessus may occur due to localized 
drainage or abscess formation at the site of puncture wounds, open 
traumatic injuries or fractures, surgical wound infections, post-
injection abscesses [5]. Occasionally, these infections may also 
spread to lymphatics [6]. M. marinum represents one of the most 
frequent cutaneous atypical mycobacterial infections. The usual 
source is water from lakes, swimming pools, or aquariums [6]. 
Buruli ulcer (BU), caused by M. ulcerans, is the third most 
widespread mycobacterial infection in the world after tuberculosis 
and leprae being the least understood. It has been recently 
recognized by the World Health Organization (WHO) as an 
emerging disease [7, 8]. The causative organism is from the family 
of bacteria which causes tuberculosis and leprae; however, BU 
has received less attention than these diseases. BU has been 
reported in over 30 countries with tropical and subtropical 
climates affecting mainly poor rural communities in Africa, 
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North America (Mexico), South America, Southeast Asia, and 
Oceania. Currently, Bellarine Peninsula in Victoria is known to be 
the highest endemic area in Australia [9]. In light of this emerging 
disease able to cause great human suffering, this review will 
focus on current therapies used, drawbacks associated, and new 
alternative lipid nanocarriers for fighting this mycobacterial skin 
infection.

11.1.1.1  Buruli ulcer

BU is an emerging infectious disease of the skin caused by M. 
ulcerans. The natural reservoir of M. ulcerans still continues to 
be an open question after decades of investigation. Nevertheless, 
early studies in Africa demonstrated that the infection occurred 
near stagnant water or areas surrounded by water [10]. Usually 
humans get infected by traumatic introduction of M. ulcerans 
into the skin. Contamination of damaged skin may result from 
direct exposition to slow-moving water, aerosols arising from 
ponds and swamp surfaces. Lesions may also be developed at the 
site of antecedent traumas namely land mine wound, snakebite, 
human or insect bite [11, 12]. However, the role of aquatic 
insect bites for transmission of BU is still under investigation [13].

In Fig. 11.1 is shown a scheme of possible progression of 
BU infection after exposure to M. ulcerans in the environment. 
In some conditions, people exposed to M. ulcerans do not develop 
BU disease or even lesions may heal spontaneously depending 
on the host immunity. In case of progression, the infection is 
primarily related with two properties of M. ulcerans: the low 
optimal temperature of growth, favoring the development of 
lesions in cooler tissues particularly the skin and subcutaneous 
tissue, and production of a macrolide toxin, the mycolactone, 
being responsible for the toxic effects observed in BU lesions 
[14]. Mycolactones are secreted and diffuse into infected tissues. 
BU presents different clinical forms that can be dramatic if 
untreated. The first clinical presentation is non-ulcerative 
characterized by papules (skin lesions with a diameter inferior to 
1 cm), nodules (extension into subcutaneous tissue, diameter 
inferior to 2 cm), plaques (lesions with diameter superior to 
2 cm) and edema forms distributed mainly on limbs [15].
Figure 11.2 shows a schematic representation of BU pathogenesis 
progression from pre-ulcerative to ulcerative laceration stage.

Skin Infections
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Figure 11.1	 Possible progression of untreated BU infection. Adapted with 
permission from Portaels et al. [18].

The disease progresses without pain or fever, which may 
partially explain why infected persons often do not seek prompt	
treatment. In more severe clinical forms of BU, lesions lead to	
larger ulcerations with undetermined edges; they may destroy 
nerves, appendages, and blood vessels and eventually invade bone 
causing painful osteomyelitis or reactive osteitis [16]. Infected	
people not early treated often suffer long-term functional disability, 
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such as restriction of joint movements as well as the obvious 
cosmetic problems. Metastatic lesions may occur in skin, soft 
tissue, or bone via spread through the vasculature or lymphatics. 
In regions where BU is endemic, patients with severe osteomyelitis 
may undergo amputation and other crippling disabilities [17].

Figure 11.2	 Pathogenesis of BU: progression from pre-ulcerative stages to  
ulcerative laceration. Adapted with permission from van der 
Werf et al. [19].

11.1.2  Parasitic Skin Infections

A parasite is an organism that grows, feeds, and is sheltered from 
or at the expense of its host. Some parasites do not affect the 
host while others make the host sick resulting in a parasitic 
infection [20].

A wide range of parasites infect humans through the skin 
causing an infection that may be confined to the skin or may have 
skin involvement as part of its pathology [21]. The symptoms 
of parasitic infections vary widely, depending on the type of 
organism and the human health condition. Skin lesions, allergic 
rashes, and papules are the most common superficial signs but 
subcutaneous lesions, nodules or cysts may also occur [20].

Arthropods, helminthes, and protozoans are the major groups 
of organisms responsible for skin infections in humans [22].

Arthopods comprise insects, mites, ticks, and spiders that 
live and feed of human skin or blood. Their bite or sting results 
in a skin lesion either due to tissue damage or to an immune 
reaction to the injected saliva or venom [23]. Pathogens responsible 
for infectious diseases may also be transmitted by the byte of 
various arthropods due to their role as intermediate hosts in the 
life cycle of parasites. Vector-borne infectious diseases with skin 
manifestations transmitted by arthropod include Rocky Mountain 
spotted fever, Lyme disease, and leishmaniasis [22].

Helminths or parasitic worms are the most common infectious 
agents of humans in developing countries causing a wide 

Skin Infections
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variety of diseases. Important examples include schistosomiasis, 
cysticercosis, lymphatic filariasis, onchocerciasis, and loiasis. 
Infections may occur through the skin by contact with contaminate 
water or after ingestion of the parasite eggs in contaminated 
soils or foods [22].

Protozoans are microscopic unicellular eukaryotic organisms 
that can multiply inside mammals causing the development of 
serious infections. Examples of protozoan parasites that cause 
severe skin infections include Trypanosoma cruzi and T. brucei 
responsible for trypanosomiasis, known as sleeping sickness and 
Chagas disease, respectively. Toxoplasmosis, another important 
skin infection is caused by the protozoan specie Toxoplasma 
gondii. Common symptoms of such infections include extreme 
itching and appearance of nodules that get ulcerated within 
few months [24]. The protozoan parasites of the genus 
Leishmania are the causative agents of a group of diseases called 
Leishmaniasis. These parasitic infections are transmitted to 
mammals via the bite of female phlebotomine sandflies. In the 
mammalian host, these obligate intracellular parasites proliferate 
within several cells of the phagocytic mononuclear system, including 
macrophages [25]. Leishmaniasis has been classified in three 
different clinical forms according to parasite tropism: cutaneous 
(CL), mucocutaneous (ML) and visceral (VL). These different 
forms can cause a wide spectrum of disorders, ranging from self-
healing skin ulcers, to severe, life-threatening manifestations 
depending on the virulence of the infecting species and the 
immune response of the host [26–28]. It is endemic in more than 
80 low-income countries throughout the world and represents 
a serious public health problem in tropical and sub-tropical 
regions.

11.1.2.1  Cutaneous leishmaniasis

CL is considered the most serious protozoan skin infection in 
many developing countries with an annual incidence estimated 
between 0.7 and 1.2 million cases. Ninety percent of CL cases 
occur in Middle East and South American countries [29]. As 
shown in Fig. 11.3, the clinical CL manifestations may range from 
single or disseminated, nodular or ulcerative skin lesions to the 
destruction of mucosal tissue [27, 30]. In most cases CL is 
limited to a single or few lesions that are localized at the site of 
parasite inoculation within dermal macrophages on exposed 
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parts of the body [31]. The infection begins as an erythema 
that develops into a nodule and then enlarges and matures into 
an ulcerated lesion over 1–3 months (Fig. 11.3) [27, 32]. These 
lesions may heal spontaneously after months or even years. Less 
common CL presentations include disseminated and diffuse 
(very rare) forms that origin multiple skin lesions over large 
body areas [31, 32]. ML, which usually occurs after an initial 
cutaneous infection, involves the mucous membranes of the 
upper respiratory tract and oral cavity (nose, mouth, and throat) 
[33]. Post kala-azar dermal leishmaniasis is yet another form 
of CL that may arise after visceral infection caused by L. 
donovani [34]. In the more severe forms of CL, the lesions do 
not self-cure triggering significant disfigurement and social 
stigmatization [31].

Figure 11.3	 Cutaneous Leishmaniasis (CL) pathogenesis: progression 
to non-ulcerative or ulcerative forms: (a) sand fly mouth; 
(b) amastigote; (c) promastigote; (d) infected neutrophil; 
(e) macrophage; (f) infected macrophage; (g) T cell; 
(h) epidermal hyperplasia; (i) neutrophil; (j) B cell; (k) T cell. 
Adapted with permission from Rethi and Eidsmo [35].

Several Leishmania species give rise to the cutaneous disease. 
According to the geographic location, CL can be divided into 
Old World CL (Asia, the Middle East, Africa or Europe) and New 
World CL (Mexico, Central and South America). The majority of 
Old World CL is caused by one of two species of parasites; L. major 
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(in desert areas) and L. tropica (in urban areas) and presents 
essentially localized wet or dry lesions, respectively, that tend 
to resolve within 2 to 15 months [34, 36]. The New World CL is 
characterized by the presence of ulcerative skin lesions and the 
potential of spreading to lymph nodes and other cutaneous sites. 
The main causative agents are L. mexicana, L. amazonensis, and 
L. chagasi and also species of the subgenera L. viannia (L. 
braziliensis, L. panamensis and L. guyanensis), responsible for the 
development of ML due to systemic dissemination of parasites 
to nasopharyngeal mucosa [25, 34].

Figure 11.4	 Epidemiology and pathogenesis of CL. Leishmania 
promastigotes are injected into the skin of the host and 
differentiate into amastigotes within macrophages. In 
humans, the infection can result in a cutaneous lesion. 
The red arrows represent the zoonotic cycle and the blue 
arrows the anthroponotic cycle. Adapted with permission 
from Goto and Lindoso [37].
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The epidemiology of CL has changed in the last years 
with new foci emerging in non-endemic areas and with the 
concomitant increase in the number of reported cases. Many 
factors contribute to this expansion; some rely on changes in the 
environment or vector habitats, while others are related with 
human activity such as population migration trends due to 
urbanization or political conflicts or the increasing presence of 
international travelers and military personnel in endemic areas 
[38, 39].

11.1.3  Current Therapies

Despite some research efforts, to date, there are no effective 
vaccines against either BU or CL. These infectious diseases are 
recognized by the WHO as emerging health problems primarily due 
to their frequent disabling and stigmatizing complications. While 
medically diverse, these two neglected diseases share features 
that allow them to persist in conditions of poverty, often in remote 
rural areas, urban slums or in conflict zones (Table 11.1). Most 
of currently existing therapies have been introduced for other 
pathologies. Efforts regarding the development of alternative 
therapies have been initiated within last decade.

The following topics will describe the current therapies 
for these neglected diseases, problems associated and new 
strategies for improving treatments.

Table 11.1	 Main features of BU and CL

Skin disease
Risk 
factors

Environ-
mental 
stages

Trans-
mission

Dependence 
on macro-
phages

Keys for 
pathogenesis

Buruli ulcer1 Geographical Soil, water, 
aquatic 
plants

Indirect 
or insect 
vector

No (early 
stages)

Low 
Temperature 
growth 
(30–32°C); 
mycolactone 
production; 
extracellular/
intracellular

Cutaneous 
leishmaniasis2

Geographical n.a. Insect 
vector

Yes Species 
dependent; 
obligate 
intracellular

(1) mycobacteria; (2) protozoa; n.a.: not applicable.
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11.1.3.1  Buruli ulcer

Historically, the method of choice for the management of BU 
consists on removal of all infected tissue followed by skin 
grafting or amputation. However, this treatment is very drastic, 
involving long hospitalization. In addition, recurrence rates 
ranging from 16% to 47% have been reported when extended 
excision in healthy appearing surrounding tissues was not 
accomplished [19, 40, 41]. Different medical approaches have been 
explored: chemical topical treatments such as nitrites, phenytoin 
powders, or clay; physical topical treatments through application 
of heat to accelerate healing after surgery, or systemic treatments 
using hyperbaric oxygen, heparin, or antibiotics. Chemical tropical 
treatments evidenced some clinical improvements but only in 
young people presenting ulcers of less than 30 cm [42, 43].

Local heat has been applied to patients with ulcers of less 
than 10 cm leading to complete healing without surgery [44]. 
However, this treatment is not a very good option particularly 
in remote areas due to the need of confinement in bed for at least 
two weeks and absence of infrastructures such as electricity. 
Systemic treatments with antimycobacterial molecules constitute 
another alternative. Several antibiotics have demonstrated high 
in vitro antimycobacterial activity against M. ulcerans. However, 
the good in vitro results were not translated into therapeutic 
benefits when administered in humans. This might be attributed 
to irreversible tissue damage and necrosis or even due to poor 
irrigation in necrotizing tissues obstructing the penetration 
of drugs into tissues, where M. ulcerans proliferates [43]. 
Rifamycins (rifampicin (RFP) and rifapentine), aminoglycosides 
(streptomycin (SM), clarythromicin, and amikacin), fluoroquinolones 
(sparfloxacin, moxifloxacin, and aminofloxacin) are examples 
of tested antibiotics either in animal models or in clinical trials 
alone or in combination [43]. Since 2004 the WHO recommended 
daily subcutaneous administration of SM and oral intake of 
RFP for two months as first-line treatment regimen for BU [45]. 
This antibiotic combination presents several drawbacks, namely 
the following: It is not effective for extensive lesions, being 
surgery the only option; it has long treatment duration, 
associated with adverse side effects; and involves subcutaneous 
painful administration of SM, requiring health skilled personnel. 
Overall, these facts lead to poor patient compliance. Moreover, 
SM toxicity is cumulative and thus special attention must be 
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taken into account for patients previously treated with 
aminoglycoside [45]. Recently, Almeida and co-workers have 
tested the antimycobacterial activity of another rifamycin, the 
rifapentine, with longer circulation half-life in comparison with 
RFP [46]. These in vivo studies in a murine model of M. ulcerans 
demonstrated that rifapentine was faster on reducing the bacterial 
loads. However, this faster bactericidal activity was not correlated 
into better prevention of relapses [46].

Altogether, no antibiotic combination has proven to be 
effective in the management of BU up to now. There is no 
vaccine currently effective against BU and so other strategies to 
fight this skin mycobacterial infection are needed.

The phage therapy represents one alternative therapeutic 
strategy as it involves the targeted application of bacteriophages. 
Bacteriophages are viruses that attack bacteria being able 
to replicate within them causing disruption of bacterial cells 
[47]. As their lytic action is highly specific, this approach can 
be applied for treatment of bacterial infections that do not 
respond to available antibiotics. Nevertheless, for the successful 
application of phages, the knowledge of their host range is a 
prerequisite. Particularly, a set of virulent phages for M. ulcerans 
has been reported [48]. Among this set of phages, the therapeutic 
effect of the mycobacteriophage D29 was evaluated in a 
M. ulcerans murine footpad model. This phage was subcutaneously 
administered in the infected footpad and a single injection was 
able to decrease the bacterial load in footpad in comparison 
with infected and untreated mice [49].

Topical application of phages in the treatment of ulcerative 
lesions represents an alternative strategy to the subcutaneous 
administration. This approach has been already used in the 
treatment of multi-drug-resistant Staphylococcus aureus infections 
using a biodegradable formulation able to promote a sustained 
release [50]. Considering that M. ulcerans is an extracellular 
mycobacteria, topical application of lytic phages allows immediate 
access to skin infection.

The same approach can be applied for treatment of BU 
either by incorporating already approved antibiotics such as RFP 
or SM in adequate lipid carriers or even new molecules obtained 
from chemical synthesis or extracted from natural products [11].

Taking into account the secretion by M. ulcerans of 
mycolactone the design of inhibitors to this toxin may constitute 
an alternative strategy for developing new therapies [51].

Skin Infections
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In any case, the early diagnosis and beginning of treatment 
are vital in preventing the spread of infection. Drug topical 
application has for the moment limited value in BU management 
but it should be considered as an alternative unexplored strategy 
particularly in the early stages of the disease.

11.1.3.2  Cutaneous leishmaniasis

Therapeutic goals vary with the clinical form of leishmaniasis. 
In CL, a non-fatal condition, treatment aims to prevent mucosal 
invasion, to accelerate the healing of skin lesions and to avoid 
disfiguring scars [27, 52].

The search for a vaccine has been the subject of extensive 
efforts, taking into account the knowledge that recovery from 
natural or deliberate infection CL results in the development of 
long-term immunity to reinfection.

Regrettably, these efforts have not yet been completely 
successful and vaccination is still under experimental and clinical 
trials [53, 54]. In the absence of a vaccine, chemotherapy remains 
the most efficient way to treat CL. However, the therapeutic arsenal 
is very limited and there is no single optimal treatment for all 
forms of this disease. The parenteral administration of pentavalent 
antimonials such as sodium stibogluconate (Pentostam®) and 
meglumine antimoniate (Glucantime®) have been the first-line 
treatment for over 50 years. For example, WHO recommends the 
administration of 20 mg/kg per day for 20 days of antimonials 
for New World CL [55–57]. Despite their widespread usage, these 
drugs have proved inconsistency in their effectiveness across 
different Leishmania species [58]. In addition, antimonial treatments 
are accompanied by painful administration, need of long course 
treatments and severe adverse reactions, such as cardiac and 
renal toxicity [59–61].

Second-line treatments include amphotericin B deoxycholate 
(Fungizone®) and pentamidine, efficient drugs also limited by 
severe side effects and the need for parenteral administration. 
Originally developed as a systemic antifungal, amphotericin B 
(AmB) is also an efficient antileishmanial drug targeting sterols 
within the Leishmania membrane inhibiting the binding of 
promastigotes to the macrophage membrane. It also causes 
the formation of pores in the parasite membrane leading to 
cell lysis [62]. Despite its high efficiency, this drug requires 
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prolonged hospitalization and close monitoring due to severe side 
effects, in particular significant nephrotoxicity [34, 63]. Currently, 
AmBisome® an amphotericin B liposomal formulation (L-AmB) 
that minimizes these side effects without affecting the drug 
activity is the preferred treatment for VL. However, the number 
of reports on its use for CL is still limited. In a small study by 
Solomon et al., 3 mg/kg/day of L-AmB given for five consecutive 
days and a sixth dose administered on day 10 caused complete 
clinical cure in patients infected with L. braziliensis [64]. Large 
controlled studies are needed to assess the therapeutic efficacy of 
L-AmB in the treatment of CL. In addition, its use remains very 
limited in low-income regions due to very high cost.

Pentamidine, an aromatic diamidine, has been used as a 
second-line treatment for VL and CL for over 40 years mainly in 
cases of antimonials intolerance or resistance [59, 65]. Its clinical 
use has been accompanied by frequent adverse effects with 
moderate morbidity including an unusually high rate of  
hyperglycemia [57, 65]. Nevertheless, when the causative agent 
is L. guyanensis, specie particularly resistant to antimonials, 
pentamidine isethionate (Pentam 300) becomes the first-line 
treatment with the advantage of presenting a short time course 
[34, 36].

Other alternative systemic agents include azoles such as 
ketoconazole, fluconazole, or itraconazole. These antifungal drugs 
block ergosterol biosynthesis which in turn affects the permeability 
of the parasite membrane [66]. They are well-tolerated drugs 
but have been reported as having variable cure rates against 
different Leishmania species [67]. Most of these compounds 
showed better results when applied in oral or topical therapy 
[61, 68].

Miltefosine (hexadecylphosphocholine), a structural analogue 
of alkyllysophospholipids, originally developed as an anticancer 
drug, is the first efficient oral drug for the treatment of 
leishmaniasis, essentially used in VL treatment [61, 69]. More 
recently, it has been reported in the treatment of several New 
World CL species with variable efficacies [66, 70]. In Colombia, 
where L. panamensis is the more frequent specie, the oral 
administration of miltefosine, at a dose of 2.5 mg/kg/day for 
28 days, resulted in over 91% cure rate [25]. Most studies were 
conducted in Colombia, where the drug is registered for CL 
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treatment. However, in studies conducted in areas with a 
predominance of L. braziliensis and L. mexicana, cure rates were 
lower ranging from 35% to 70% [70, 71]. Miltefosine is well 
tolerated and has a half-life of about 8 days after oral administration. 
Nevertheless, a general concern about severe side effects, 
including teratogenicity, and the easy appearance of resistant 
mutants exists [66].

Topical or local treatment of CL represents an exciting 
alternative for overcoming problems associated with systemic 
administration of antileishmanial drugs. Advantages include lower 
drug toxicity, decreased adverse side effects, reduced treatment 
cost, and ease of administration [72]. This approach is particularly 
advantageous for simple localized forms of CL or when disease 
dissemination is not expected to occur [31]. Local treatment 
modalities include physical methods (cryotherapy, localized 
controlled heat and carbon dioxide laser therapy), topical 
paromomycin (PRM), intralesional antimonial injections, and 
ethanolic AmB solutions [31]. The local intralesional injection 
of antimonials compounds is still the method of choice for 
many patients. WHO recommends, as standard treatment of CL 
infections caused by L. major, L. tropica, L. braziliensis, or L. 
panamensis, an antimonial injection under the edges of the 
lesions until the surface has blanched [36, 73].

PRM is an aminoglycoside that inhibits the mitochondrial 
activity of Leishmania parasites. It was registered in 2006 in 
India as an effective, well-tolerated, and affordable treatment 
for VL at a dose of 11 mg/kg/day for 21 days [26, 56, 74]. In the 
treatment of CL, it has been used clinically with irregular success 
since 1985 [73]. Two topical PRM formulations are commercially 
available to treat CL; both have demonstrated good efficacy 
against L. major infections. One contains 15% PRM and 12% 
methylbenzethonium chloride and the other combines a 15% PRM 
ointment in 10% urea [75]. The main shortcoming of the first is 
the occurrence of skin irritation due to the methylbenzethonium 
chloride [76]. The second shows no toxicity problems but presents 
variable efficacies with cure rates similar to placebo as reported 
in clinical trials performed in Tunisia and Iran [72]. Overall 
results so far show that topical PRM treatment may be a useful 
alternative mainly for Old World CL. There is, however, some 
concern in using this approach to treat New World CL due to 
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the potential risk of mucosal dissemination [65]. Nevertheless, 
in regions where the risk is very low, topical PRM proved to be 
effective in the treatment of infections caused by L. braziliensis 
[32]. WR279396, a topical formulation of PRM (15%) and 
gentamicin (0.5%) in a hydrophilic base, was developed to address 
the need of an effective and safe treatment of New World CL. 
This expanded-spectrum aminoglycoside ointment was found to 
be effective in treating L. major infections presenting also a 
satisfactory safety profile [77]. In a small clinical trial in patients 
with L. panamensis infection, WR279396 was well tolerated and 
more effective than PRM alone [78].

Combination therapy is a new strategy in the treatment of 
CL that may contribute to reduce the total drug dose administered, 
to shorten the treatment duration; to limit the emergence of 
drug resistance; and to enhance cure rates. Currently clinical trials 
are testing different combination therapy regimens involving the 
most promising drugs (PRM, miltefosine, antimonials, and L-AmB) 
in the treatment of CL [73, 79].

11.2  Advanced Drug Delivery Systems in 
Topical Therapy

Topical therapy combines the advantage of limiting the systemic 
drug adverse effects [80] as long as the drug is exposed only to 
affected skin, and permitting self-administration, attaining good 
patient compliance [81]. In the case of skin diseases, the interest 
of treating directly the skin via topical application is even 
increased [82]. Skin conditions play an important role in the 
outcome of topical treatment of skin infections. Besides the 
structure of the biological membrane, in order to achieve a 
formulation suitable for topical delivery, drug log P and molecular 
mass are important factors to be considered. Poor solubility 
and poor permeation are challenging aspects for formulators. 
New drug delivery systems have been extensively explored to 
enhance skin drug bioavailability and have also gained interest 
as adjuvants for vaccines [53, 83, 84]. In the case of skin infections, 
a great number of studies are related with fungal infections 
[85]. For other skin infections, namely those with ulcerative 
forms, the investigation is not so abundant, despite the promising 
role of advanced carriers.

Advanced Drug Delivery Systems in Topical Therapy
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The great interest received by drug carriers in the case of 
neglected diseases treatment is based on the possibility of a 
sustained release diminishing toxicity and dosage numbers [86].
Efficient but toxic drugs may be reformulated in nanocarriers 
and long treatment periods could be shortened avoiding therapy 
abandonment. 

11.2.1  The Skin Barrier

The skin is a multilayer functional unit capable of performing 
multiple and fundamental roles. It exhibits a complex structure 
and a great capacity of regeneration. The skin acts as a barrier, 
avoiding the penetration of foreign bodies and simultaneously 
maintaining the body’s ingredients, including water, inside.

The skin structure varies somewhat from site to site. The 
architecture of the skin exhibits two main layers: the epidermis 
(external) and the dermis (Fig. 11.5) [87]. A third layer, the 
subcutaneous tissue, the deepest, is essentially composed of fatty 
material and differs in thickness and composition between body 
sites, individuals and species.

The epidermis is non-vascular and contains no nerve endings. 
It is crossed by cutaneous annexes (hair follicles, sebaceous 
and sweat glands) and is thinner (0.04–0.1 mm) than the dermis 
(Fig. 11.5). The dermis contains an extensive collagen and elastin 
matrix, produced by fibroblasts, but few cells.

The epidermis is composed by various layers that represents 
different stages of cell differentiation, and consequently can 
be classified in strata: from the internal to external epidermal 
surface the stratum basale, the stratum spinosum, the stratum 
granulosum, the stratum lucidum, and the stratum corneum (SC). 
Keratinocytes are 95% of total cells in the epidermis, the others 
being Langerhans cells and melanocytes. The viable epidermis 
has ca 60–75% water content in contrast with the 10–15% water 
of the SC. The dermis contains an extensive collagen and elastin 
matrix, produced by fibroblasts, but few cells. This skin layer 
also shelters blood capillaries, nerve endings and the roots of 
cutaneous appendages, which covers 0.1% of skin surface.

The skin permeability barrier to the percutaneous absorption 
of compounds as well as to water loss is a consequence of 
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the anatomical and biochemical organization of the SC. This 
outermost region of the epidermis consists of inert corneocytes 
embedded into lamellae of lipids organized in a very special lipid 
matrix. These lamellae are stacked in multiple layers between 
corneocytes (name for the SC keratinized cells) [88, 89].

Figure 11.5	 Stratum corneum (SC) model scheme (“brick-and-mortar”) 
with the lipid intercellular matrix (yellow) and the possible 
penetration pathways for intact skin (A) (intercellular: 
white arrow; transcellular: gray arrow; annexial: dashed 
arrow). In the basal layer of the epidermis cells proliferate, 
differentiate and migrate in the surface direction. Viable 
cells are transformed into dead keratin filled cells 
(corneocytes). These are surrounded by a cell envelope. 
Substances permeate mainly along the tortuous pathway 
in the intercellular lamellar regions which are oriented 
parallel to the corneocyte surface. In skin infections the 
SC may not exist (B) as a consequence of the disease or 
the lesion can affect epidermis and dermis (C).

The SC has an exceptional lipid composition with long 
chain ceramides, free fatty acids, and cholesterol as the main 
lipid classes. Due to its composition, the lipid phase behavior is 
different from that of other biological membranes [90, 91]. The 
SC was described as having a “brick-and-mortar” structure 
(Fig. 11.5A) but this is a too simplified picture. Hydrophilic 
pathways in the skin are located between cell envelopes and 
intercellular lipids [88]. The mean thickness of SC is 15–25 µm; 
however, its composition and architecture assure a tightly packed 
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structure. Some studies have demonstrated that by sequential 
removal of SC cell layers, a decrease on skin electric resistivity 
is observed [92].

The knowledge of skin composition is not only important for 
understanding some diseases where SC barrier is compromised, 
but also for designing skin permeation enhancers. It is important 
to realize that SC is not an inert wall resulting from epidermal 
differentiation. Rather than this, SC is a complex, heterogeneous 
barrier with persistent biochemical activity interacting with 
the underlying tissues in terms of injury responses and 
pathophysiology [93].

The relative importance of the potential routes of entry 
from the skin surface into the sub-epidermal tissue has been 
vastly investigated for percutaneous penetration prediction and 
formulation development. In the case of skin infections, the 
skin structure is often disturbed or destroyed. In such cases, 
the dependence of hair follicles with their associated sebaceous 
glands or sweat ducts to act as shunts, or the transport across 
the continuous SC between these appendages might become 
irrelevant.

Intercellular transport is energetically favorable, passive, 
and based on diffusion, occurring within the matrix between 
the corneocytes. The diffusion based molecular transfer through 
the skin is controlled by partition and diffusion. Many transport 
enhancement strategies are focused on the modification of 
these parameters to improve drug delivery through the skin. 
Paradoxically, Fick’s laws of diffusion can describe diffusion of 
most studied low MW and hydrophobic drugs through the 
complex and heterogeneous barrier of SC.

11.2.2  Overcoming the Skin Barrier

Topical application using conventional or more complex drug 
delivery systems has been approved and became widely accepted 
for local therapy. The benefits of topical application are definitely 
recognized promoting the local deposition of drugs in the site of 
action. The outermost layer of the skin, the SC, prevents, however, 
skin permeation of most drugs at clinically useful rates. In order 
to facilitate the delivery of such entities, several strategies were 
developed. These include the use of chemicals, supramolecular 
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structures, or physical techniques to enhance molecular diffusion 
through the SC.

11.2.2.1  Strategies for intact skin

Drug delivery across intact skin permits noninvasive transport 
or at least minimal invasive application, contributing for injection 
pain reduction and consequently patient compliance. Moreover, 
it improves drug pharmacokinetics and targeted drug delivery 
[94]. For these reasons, the development of advanced delivery 
systems has been a challenging area of research involving both 
optimization of drug permeation and deposition, as well as 
physical and chemical stability of the drugs and their formulation.

The anatomy and biochemistry of intact skin determine 
the barrier function of this organ. In recent years, researchers 
have studied a variety of methodologies for improving the 
permeation of poorly absorbable drugs through the skin with 
the final aim to develop effective dermal and transdermal delivery 
systems. Essentially, there are four types of transport enhancement: 
the chemical approach, the carrier-mediated transport, the 
physically facilitated transport, and the SC/epidermis by pass 
(Table 11.2).

Dermal drug delivery may be either passively or actively 
facilitated. Depending on the external energy source used to 
facilitate skin permeation, different techniques have been 
developed (Table 11.2). Passive methods are technologically easy 
to produce in a large-scale approach, and economically more 
advantageous. This aspect is an important issue to consider when 
thinking in developing countries markets. These methods are 
based on chemical enhancement and thus on permeability 
improvement or in carrier-mediated transport. In this latter 
case, concentration gradient driven transport or penetration 
of supramolecular structures (deformable liposomes) may be 
involved [94]. Examples of chemical enhancers are fatty acids and 
fatty esters, solvents, and surfactants [95]. Chemical enhancers 
became very useful as they can be employed in dermal regional 
delivery or incorporated in transdermal delivery systems. 
The chemical enhancer mechanism of action includes drug 
modification by increasing drug solubilization and drug 
partitioning into the skin and/or skin modification by fluidizing 
the crystalline structure of the SC, or dissolving skin lipids 
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[96]. Combinations of chemical enhancers have resulted in skin 
delivery increment [96].

Table 11.2	 Strategies to overcome skin barrier and deliver drugs into 
superficial and deep skin layers.

Strategy Method

Chemical enhancement Chemical enhancers
Prodrugs
Peptides
Hydration
Supersaturation

Carrier-mediated Microemulsions
Liposomes
Transfersomes
Ethosomes
Lipid nanoparticles
Cyclodextrins

Physically assisted Iontophoresis
Low-frequency ultrasound
Electroporation 

SC/epidermis bypass Delivery through hair follicles
Tape-stripping 
Thermal or radio frequency 
wave-mediated ablation
Microneedles 
Liquid-jet injections 
Powder injection

11.2.2.2  Permeation in infected skin

Targeted delivery to the skin depends on skin physiology and 
on formulation (Fig. 11.6). In the case of skin infections, the 
clinical evolution plays an important role on skin targeting [97]. 
It is generally accepted that percutaneous absorption is increased 
when SC is defective or when SC is disrupted by physical or 
chemical means [2]. Unfortunately, there is lack of comprehensive 
studies on the role of diseased skin on drug absorption. 

Drug formulations can be applied either to thickened lesions, 
to open lesions or even to ulcers. In each case the integrity of 
the skin barrier differs. Therefore, formulations for topical 
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application in skin lesions should be able to be applied into intact 
and damaged skin situations. In the case of intact barrier, 
formulations should promote deep skin drug delivery, as long as 
infective agents are located in the dermis, as observed in many 
infectious diseases.

In the case of skin infections, topical delivery of antimicrobials 
may have different targets as the drug needs to be delivered in 
the SC, in the epidermis or in the dermis. In parallel, the vehicle 
should guarantee enough drug stability and promote drug 
retention within the skin. For example, within the infected host, 
mycobacteria are capable of existing both intracellularly and 
extracellularly. For the treatment of mycobacterial infections, 
drugs must be able to penetrate host macrophages, in addition 
to the cell envelope of the pathogenic organism [98].

Figure 11.6	 Percutaneous absorption from a topical formulation on 
infected skin.

In infectious diseases like CL, the permeability of the skin is 
highly variable in comparison to the normal skin. Characteristic 
lesion of CL appears with the loss of epidermis and part of the 
dermis, thus the absorption of drugs, especially hydrophilic 
molecules, used in topical treatment can be enhanced [99]. CL 
lesions develop differently according to the Leishmania species. 
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In some clinical conditions spontaneously healing of lesion may 
occur, as above described. Drug skin penetration may become 
hindered in healed lesions and if keratotic nodules and scar 
tissues are developed. 

11.2.3  Lipid-Based Nanocarriers Applied in the 
Treatment of Buruli Ulcer and Cutaneous 
Leishmaniasis

Conventional formulations cannot provide sufficient drug targeting 
and sustained delivery. Advanced nanostructured carriers, 
especially lipid-based systems have proven efficient drug 
targeting [100], sustained drug release [82] and protection from 
degradation [101]. These carriers are versatile structures able 
to incorporate both hydrophilic and hydrophobic molecules. 
However, more important is the fact that most microorganisms 
are intracellularly located. Targeted drugs must penetrate the 
phagocytic cells and thus the use of carriers may facilitate drug 
accumulation and antimicrobial cell penetration [102].

Prabhu and co-workers recently reviewed the role of 
nanocarriers in topical delivery of antiinfectives, highlighting 
the challenges in treating skin infections by topical route [103]. 
However, most of the studies regarding carrier-mediated transport 
of antimicrobial agents for topical application refer to fungal 
infections therapies [104]. Pevaryl® Lipogel, a topical gel containing 
ecanazole was the first approved liposome formulation that 
proved the feasibility of liposomal systems prepared at industrial 
scale [105].

BU is, as previously described, a cutaneous and soft skin 
disease belonging to the category of difficult-to-treat infections 
[106]. Regarding its treatment, little investigation on drug 
delivery systems has been done. The management of the 
infection, as above mentioned, has been essentially surgical 
or by antibiotics association, not necessarily successful [107]. 
Alternative therapeutic regimens (rifampicin-quinolones and 
rifampin-clarithromycin) have been reported [108]. However, the 
use of carrier-mediated transport of already known molecules 
or of new drug candidates for treating M. ulcerans infection 
remains an opportunity in drug delivery. To the best of our 
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knowledge, no reports were found in the treatment of BU using 
a carrier-mediated approach.

In the case of CL, specific therapy investigation is marginal 
as most strategies used are based on the current therapies of 
VL and for that liposomal formulations are already available. 
In particular, the successful use of intravenous AmBisome® and 
a topical liposomal formulation of PRM (WR279, 963), have been 
reported in the treatment of patients with localized CL [109, 110]. 
However, the evaluation of different treatment protocols, new 
drugs and new formulations for CL is mandatory. 

The following sections present the most relevant lipid-based 
carriers investigated for topical delivery especially regarding 
antimycobacterial and antiparasitic drugs. One must have in 
mind that the knowledge acquired on carrier-mediated application 
in other skin diseases should be considered when developing 
formulations for BU and CL treatments.

11.2.3.1  Liposomes

Much has been written about the ability of liposomes and other 
vesicular colloidal carriers to penetrate the SC [91, 111]. Liposomes 
are vesicles constituted by one or more lipid bilayers separated 
by aqueous compartments. The hydrophilic part of lipids, most 
often phospholipids, is oriented to the inner and to the outer 
bilayer surface. The hydrophobic acyl chains are aligned inward 
avoiding water [100, 112, 113]. Hydrophilic substances are 
encapsulated in aqueous space while hydrophobic compounds 
are integrated into the bilayer.

Liposomes are characterized in terms of size, lamellarity, 
lipid composition, charge, surface morphology, and their properties 
may be modulated by the preparation method. Almost 50 years 
of research produced a mature technological platform to develop 
different classes of liposomes according to the therapeutic 
objectives, resulting in a real improvement of drugs pharmaceutical 
properties. These facts attracted the pharmaceutical industry 
that has developed methods for industrial scale production and 
sterilization of liposomal products [114, 115].

Mezei and Gulasekharam were the first to report that liposomes 
loaded with triamcinolone acetonide facilitate accumulation 
within the epidermis and dermis with low systemic levels [116].

Advanced Drug Delivery Systems in Topical Therapy
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The years following 1989 were particularly prolific in 
liposome research for topical application. Some of the most 
relevant studies include phospholipid interactions with the skin, 
lipid vesicle transport through SC and dermatologically pertinent 
studies with liposomes [117]. Many of these studies revealed 
interactions between lipid vesicles and the skin, e.g., via high 
surface absorption, lipid incorporation or deposition between 
the intercellular lipid lamella (between corneocytes but not so 
evident between keratinocytes). Other possibilities include 
deposition between the poorly organized skin lipid regions, 
or even more likely, fusion with intercellular lipids [118]. In fact, 
liposomes may affect SC permeability. The basic mechanisms 
by which this occurs are still uncertain. Two possibilities are 
proposed: (1) Molecules penetrate into the skin associated with 
intact liposomes; (2) molecules cross the skin, as a result of their 
interaction with intact liposomes or their constituents after 
disruption. In any case, liposomal constituents are incorporated 
into SC lipid bilayers and thus facilitate drug transport by 
changing the lipid layers properties [119, 120]. When or if this 
happens, liposomal constituents act as chemical enhancers either 
via hydration increase, after fusion with the skin, or through 
the action of enhancer-like components (degraded), such as 
hydrolyzed fatty acids.

Weiner and collaborators were also the first to report the 
use of liposomes incorporating interferon to treat skin infections 
[121]. They found that liposomes were not able to enhance 
permeation although they provided the needed physicochemical 
environment for interferon to be transferred into the skin.

In the 1980s the work of Setterstrom and co-workers 
demonstrated that the microencapsulation of antibiotics once 
applied topically to open contaminated wounds released drug at 
a controlled rate over an extended period [122]. After these 
studies, there was a large gap in this area of research; only after 
2000 the search for targeted topical delivery of antibiotics 
reappeared. To the best of our knowledge, there are no reports 
on the use of drug-loaded liposomes to treat BU skin lesions. 
However, liposomal formulations of several molecules were 
developed and successfully used to treat other mycobacterioses 
[123, 124] and VL [125–127] in appropriated murine models. 
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In these studies formulations were administered by parenteral 
route. The exploitation of these liposomal formulations for 
topical application appears as a good strategy to be followed in 
either BU or CL treatments. 

This approach was already accomplished against methicillin-
resistant Staphylococcus aureus (MRSA), where cationic 
epigallocatechin gallate (EGCG) was incorporated in positive, 
negative and neutral surface charged liposomes [128]. These 
systems were tested in vitro for determination of minimum 
inhibitory concentration and killing rates, compared with free 
form. Additionally, EGCG formulations were topically applied 
in vivo in burned mouse skin infected by MRSA. The results 
have shown the effectiveness of cationic EGCG liposomes in the 
studied model [128].

An interesting recent study of local delivery of antibiotics 
concerned the use of mupirucin liposomes where drug release 
was affected by the vesicle size [129]. Microbiological evaluation 
confirmed its antimicrobial potential against Staphylococcus 
aureus and Bacillus subtilis. The system exhibited superior 
bioadhesiveness and sustained mupirocin release profiles than 
marketed products.

Also very recently, Gao et al. reported the use of small 
pH-responsive gold nanoparticle adsorbed at liposome surface as 
a strategy to stabilize liposomes against fusion yet allowing them 
to fuse preferentially with the bacteria upon arrival at the 
infection sites [130]. This system constructed for the incorporation 
of antimicrobial agents, represents a promising platform for 
topical application in various infected skin lesions.

Comparing the two selected skin infections discussed in this 
review, both in the frame of neglected diseases, CL has gained 
much more interest and research investment worldwide than BU 
[25]. Actually, the use of liposomes to incorporate antileishmanial 
drugs has been largely explored and different routes of 
administration have been tested. Either in in vitro studies [131] 
or in different animal models of CL [132, 133] or in humans 
patients [134], liposomes as drug delivery system is a strategy 
based on a robust scientific support. 

Specific CL treatment should be decided upon identification 
of the Leishmania species involved. The route of administration 
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may vary according to the available treatment in endemic regions, 
the number and dissemination of cutaneous lesions, and the 
physicochemical properties of the therapeutic agent. In parallel 
to topical application, intralesional injections have been tested 
despite the pain associated [36, 135].

Liposomal systems containing pentavalent antimonial drugs 
to treat CL were also tried, but the routes of administration 
were intravenous or subcutaneous [136]. The therapeutic effect 
of these liposomal formulations was considered minimal, 
causing a suppression of lesion growth rather than a cure. 
Topical formulations containing antimonials did not show also 
satisfactory activity against CL, in part due to the high water 
solubility of the drug and its low permeability coefficient across 
the skin. The use of appropriate carriers may be an opportunity 
to deliver these drugs.

AmB was evaluated in vitro for its stability and transdermal 
absorption following incorporation in positively and negatively 
charged liposomes. L-AmB was found to be more stable than 
the free drug. Moreover, L-AmB stability and transdermal 
absorption were lipid composition dependent [137].

In humans, successful treatment of CL with AmBisome® 
has been reported [134, 138, 139]. However, CL caused by 
L. infantum was unresponsive to intravenous AmBisome®, a 
failure not common for this Leishmania specie. Subsequently, the 
patient responded to topical imiquimod and had no relapse [140].

Yardley and Croft reported the influence of the route of 
administration of L-AmB in the treatment of CL in a BALB/c L. 
major model [141]. When L-AmB was intravenously administered, 
once a day on six alternate days, a dose-response effect was 
achieved. Conversely, subcutaneous administration, close to a 
lesion, had no significant activity, as well as the free drug at non-
toxic doses. These authors referred AmBisome® as a therapeutic 
alternative against CL despite the higher doses needed in 
comparison to those used for VL.

A new system comprising Pan-DR-binding epitope (PADRE)-
derivatized-dendrimer (PDD) complexed with L-AmB was tested 
in a L. major mouse model and the therapeutic efficacy of low-
dose PDD/L-AmB versus full PDD/L-AmB was evaluated. The 
in vivo studies showed a reduction of the effective dose and 



411

toxicity of L-AmB and elicitation of strong parasite specific T-cell 
responses [142].

PRM a highly hydrophilic aminoglycoside with relative lipid 
insolubility has been used in the treatment of CL. As previously 
referred, PRM has been formulated in several conventional 
vehicles [143, 144]. The more representative example is a cream 
formulation (WR279,396) containing two aminoglycosides (PRM 
and gentamicin). This product was found to be safe and effective 
in treating Old World CL infections. Moreover, authors discussed 
the advantages of simple, easily applicable, and inexpensive 
treatments for this neglected disease [110].

Advanced lipid-based systems have been explored for PRM 
topical delivery. This drug was encapsulated in unilamellar 
liposomes resulting in improved skin permeation and retention 
across the intact skin [99]. In addition, controlled topical delivery 
across stripped skin was compared with intact skin. As PRM is 
an hydrophilic drug, its transport through intact skin is usually 
a problem due to its inability to penetrate into SC. Lipid drug 
carriers have demonstrated the ability to increase drug penetration 
into and across skin. As a result, when applied to the stripped 
skin, liposomes demonstrated targeted and sustained topical 
delivery. Since in infected skin the barrier is often compromised, 
this finding could be of extreme importance and liposomes could 
play an important role in sustained release.

Topical liposomal PRM sulfate was applied in L. major 
infected BALB/c mice [145]. Authors observed that eight weeks 
after the beginning of the treatment, every mouse treated with 
PRM liposomes was completely cured irrespective of the dose 
tested. In addition, no spleen parasite burden was observed in 
mice treated with liposomal PRM.

PRM liposomes were confirmed to be a promising alternative 
for the topical treatment of CL by Carneiro and co-workers 
[146]. In fact, PRM incorporation in soybean phosphatidylcholine 
(SPC) liposomes improved therapeutic efficacy in L. Major 
experimentally infected mice, in comparison with the free drug. 
They have also studied the influence of the lipid composition on 
skin PRM permeation and penetration. PRM penetration from 
fluid liposomes (SPC liposomes) was significantly higher than 
the one observed from rigid vesicles: 4 and 2 times higher, 
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respectively, in comparison with PRM solution. Drug permeation 
across stripped skin was also improved for the liposomal PRM, 
compared to the free drug and more evident for fluid than for 
rigid liposomes [25].

11.2.3.2  Transfersomes

To improve the transdermal drug delivery, specialized lipid-
based nanocarriers have been developed. Some of these designed 
carriers have claimed the ability to cross the skin intact and 
deliver the loaded drugs into the systemic circulation, being at 
the same time responsible for the percutaneous absorption of 
the drug within the skin. To differentiate them from conventional 
liposomes they were named as deformable vesicles. Deformability 
character enables the carriers to penetrate the narrow gaps 
between the cells of the SC while assuring the delivery of 
loaded or associated material.

The first deformable vesicles were called Transfersomes 
(a trademark of IDEA, AG) being composed of highly flexible 
membranes as a result of combining into a single structure 
phospholipids and an edge-active component to increase the 
bilayer flexibility [147] and consequently the vesicle deformability 
necessary for through-the-skin passagework [148]. Transfersomes 
are much more flexible and deformable than liposomes being 
able to move spontaneously against water concentration gradient 
in the skin. The vesicles have typically 150 ± 50 nm. Additional 
requirement for successful skin penetration is non-occlusive 
application which maintains the driving force across the skin. 
The natural hydration then forces carriers through weak junctions 
between lipid structures in intercellular space in SC.

Despite the successful applications resulting from incorporating 
in Transfersomes innumerous drugs, and the specificity of these 
carriers for topical application, only sparse investigation was made 
with these vesicles for the treatment of skin infections [149].

Li et al. recently published the preparation of Transfersomes 
with the name of flexible nanoliposomes containing daptomycin. 
In vitro and in vivo studies demonstrated that daptomycin was 
able to permeate the skin efficiently exerting powerful antibacterial 
action and activity against biofilms [150].
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Recent published data showed that PRM Transfersomes 
made of SPC and sodium cholate with or without ethanol might 
be useful candidates for the topical treatment of CL, as observed 
in vitro and in a L. major murine model [151].

Photodynamic therapy (PDT) is a promising strategy used in 
neoplastic skin diseases where a photosensitizer in the presence 
of molecular oxygen is excited with visible light inducing the 
formation of reactive oxygen species, highly toxic to targeted 
tissues. Since 2007 PDT has been evaluated against CL using 
Transfersomes as carriers for different photosensitizers constituting 
an interesting strategy for treating CL [152]. However, the need 
of special medical equipment, namely lamps, may hinder the use 
of PDT to treat CL especially in developing countries. Montanari 
et al. determined the in vitro leishmanicidal activity both in 
the darkness and upon sunlight irradiation of Transfersomes 
incorporating a photosensitizer [153]. In addition, these authors 
have also evaluated the penetration profile through intact skin 
of the developed system.

Transfersomes represent, thus, a great potential to be explored 
in skin infectious diseases as long as they can enhance the delivery 
of drugs to deep skin regions where pathogens are located.

11.2.3.3  Ethosomes

Ethosomes are a special kind of deformable vesicles in which 
ethanol, present in the formulation, turns lipid bilayers very fluid 
and soft thus improving the delivery of various molecules into 
deep skin layers. The results that have been published indicate 
a preferential incorporation of hydrophobic and low MW drugs. 
Ethosomes share with Transfersomes many characteristics: 
unilateral lamellarity, 150 nm mean size, composed essentially of 
SPC, and instead of detergent molecules, ethosomal suspensions 
may contain up to 45% ethanol without vesicle disruption [154]. 
The main difference is that upon topical application, under 
non-occlusive conditions, the agent responsible for vesicle’s 
deformability, the ethanol, evaporates from skin surface.

In what concerns infectious diseases, a large number of studies 
with ethosomes as drug carriers for topical application is reported 
in literature. However, their main application has been described 
for the delivery of molecules with antifungal activity [155].
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Godin and Touitou incorporated erythromycin in ethosomes 
aiming to facilitate the transport of antibiotics through the SC 
and through bacterial membrane [156]. Authors found that after 
topical application on infected mice, erythromycin ethosomal 
formulations efficiently delivered the antibiotic in the deep skin 
strata where bacteria proliferate. In another study, the same 
authors investigated the dermal and intracellular delivery of 
bacitracin incorporated in ethosomes and concluded that they 
could be a highly beneficial approach for the treatment of a 
number of skin infections, requiring intracellular delivery of 
antibiotics [157]. Unexpectedly, no studies with topical application 
of ethosomes for treatment of M. ulcerans skin lesions are 
reported. Nevertheless, preliminary results have been already 
published regarding in vitro studies of a rifamycin, incorporated 
in ethosomes [158]. Penetration and release studies through both 
synthetic and biological membranes revealed that ethosomal 
formulations of this rifamycin present an adequate profile to be 
used in a topical application and thus a new alternative for BU 
cutaneous lesions.

The use of permeation enhancers like ethanol associated to 
marketed AmB formulations, used for intravenous administration, 
has been tested for CL. When topically administered the presence 
of ethanol in these formulations was able to improve skin- 
carrier interactions and killing localized parasites, using very 
low total drug concentrations. However, no transdermal delivery 
was achieved [159].

The use of a colloidal dispersion of AmB (Amphocil®) 
dispersed in 5% ethanol for topical application was reported to 
be used successfully in a pediatric case not responding to repeated 
courses with PRM ointment [160].

As previously concluded for Transfersomes, ethosomes are 
another excellent alternative for drug delivery by topical route. 
Unexpectedly, few studies have been published regarding topical 
application of antimicrobials associated to ethosomes for treatment 
of BU or CL.

11.2.3.4  Other

Archaeosomes are vesicles enclosed by one or more bilayers 
prepared with Total Polar Lipids extracted from microorganisms 
that belong to the domain Archaea. Ultradeformable archaeosomes 
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are vesicles made of SPC, sodium cholate and polar lipids from 
Halorubrum tebenquichense being reported to be avidly captured 
by macrophages [161]. These systems were proposed as vehicles 
for transdermal delivery with improved skin penetration.

Nanostructured lipid carrier is a second generation of solid 
lipid nanoparticles, a drug delivery system with a solid matrix at 
room temperature [162]. These systems received great interest 
as colloidal lipid nanocarriers for topical application due to their 
ability to protect chemically labile ingredients, to improve skin 
hydration and to modulate drug release [163]. An important 
aspect is the fact that they could be used on damaged or inflamed 
skin as they are based on non-irritant and non-toxic lipids being 
easily sterilized without loss of their physicochemical properties 
[126, 164].

11.3  Conclusions

Infectious skin diseases represent a major group of pathologies 
that contribute annually for significant health economic expenses. 
In the present review special attention was paid on two neglected 
tropical skin infections, the BU and the CL, and on the important 
role of topical application of antiinfectives. The delivery of drugs 
through the skin provides a convenient route of administration 
as can be self-administered resulting in a better patient 
compliance. However, due to their physicochemical properties, 
some drugs present low penetration into the skin. The advances 
in nanomedicine, in particular by the use of nanostructured lipid 
carriers, have improved the dermal and transdermal delivery of 
drugs. In the present review, a huge number of in vitro and in vivo 
studies have demonstrated the usefulness of lipid-based carriers 
for the treatment of skin infections. Despite these encouraging 
results, few lipid nanocarriers have reached clinical trials. 
Regarding CL therapy some promising in vivo studies revealed the 
importance of lipid-based nanocarriers for improving the topical 
application of antileishmanial drugs. On the other hand, for BU 
the development of topical formulations still remains a great 
challenge for scientists.

Therefore we are in the beginning of the development of a 
stimulating nanotechnological field and the clinical possibilities 
arising from the use of lipid nanocarriers for topical skin 
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infection treatments are very attractive. To accomplish this line 
of research the interest from governments and industries should 
also be promoted. 
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Liquid Crystals as Drug Delivery Systems 
for Skin Applications

12.1  Liquid Crystals

Liquid crystals have been widely used as drug delivery systems 
for several drugs and several routes of administration, including 
skin applications. These systems are formed by amphiphilic 
molecules in the presence of water and show properties of both 
liquid and solid states. Specifically, they can flow like a liquid 
and simultaneously exhibit a long-ranged orientational order 
of molecules. Liquid crystals form when amphiphilic molecules 
are mixed with a solvent (usually water) and form aggregates 
via a self-assembly process. Their internal structures consist of 
nanostructured hydrophilic and hydrophobic domains separated 
by a lipid bilayer, providing a matrix of complex geometry [1–4].

Liquid crystals can be classified in lyotropic or thermotropic 
liquid crystalline phases when the formation of the systems 
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is induced by the addition of a solvent or by temperature, 
respectively. For drug delivery purposes, the most used systems 
are the lyotropic liquid crystalline phases, which are formed by 
polar lipids in contact with water [2, 4, 5].

Lyotropic liquid crystals are formed when amphiphilic 
molecules arrange themselves into different ordered arrays in 
the presence of water and form several phases with distinct 
structures and geometries, which are called mesophases. The 
main mesophases studied in the development of drug delivery 
systems are lamellar (L), cubic (Q), and hexagonal phases (H). 
Due to their highly ordered structures, which can modulate drug 
release, these systems have been extensively explored as matrices 
for drug delivery [1, 2, 4, 6–9]. The presence of hydrophilic 
and hydrophobic domains provides an ideal vehicle for drugs 
with different solubilities, sizes, and polarities [7, 8]. Therefore, 
these systems can enclose hydrophilic, lipophilic, and amphiphilic 
drugs and their complex structures can provide a diffusion 
pathway for controlled release of drugs [2, 9–12]. Liquid crystals 
are also thermodynamically stable and possess similar structures 
than physiological lipid membranes. This similarity may account 
for interactions with membranes at the site of application. In 
addition, liquid crystalline systems can also incorporate and 
protect some drugs (peptides, proteins, and nucleic acids) 
from chemical and physical degradation, which is desirable for 
macromolecule drug delivery [2, 7]. Liquid crystalline systems 
can also improve the solubility of drugs in the formulation. The 
hydrophobic domains of the liquid crystalline structure provide 
a medium for enhancing the solubility of poorly soluble drugs 
and hence alter the thermodynamic activity of drug in the 
formulation, which may affect drug release and skin permeation 
[9, 12–15].

Liquid crystalline systems are promising vehicles for skin 
drug delivery because their structures are similar to the structural 
organization of the lipid components of the stratum corneum, 
which favors interactions of these systems with skin and 
improves drug permeation [2, 9, 10].

The therapeutic effect of percutaneous preparations depends 
not only on the action of the drug itself but also on other 
factors related to the structure of the vehicle [16]. Formulation 
of a vehicle can determine the kinetic of release and/or 
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percutaneous absorption and, therefore, influence biological 
response of a drug applied on skin. The choice of appropriate 
vehicles is a strategy to improve skin delivery of drugs [17]. Drug 
delivery systems can be designed to control drug release and 
consequently influence the amount of drug available to permeate 
the skin and the therapeutic effect of this drug. The vehicle can 
also interact with skin and alter its barrier function, which in 
turn affects the amount of drug permeated. Interaction of 
formulations with skin surface plays an important role in 
determining percutaneous absorption [17]. In this way, the drug 
delivery systems can significantly affect the therapeutic efficacy 
of percutaneous preparations, either by controlling drug release 
or by modifying skin barrier properties. Liquid crystals can 
modulate drug release and interact with skin to improve drug 
permeation. Thus, they constitute a very interesting class of 
vehicles for skin drug delivery.

12.2  Liquid Crystal-Forming Lipids

Lyotropic liquid crystalline systems can be formed by several 
amphiphilic lipids, such as monoglycerides, phospholipids, and 
glycolipids, which can spontaneously self-assemble in water to 
form liquid crystals. Some examples of materials commonly used 
to form liquid crystals are glyceryl monooleate (GMO), glyceryl 
monolinoleate (GML), glyceryl monooleyil ether (GME), phytantriol 
(PT), oleyl glycerate (OG), phytanyl glycerate (PG), monolinolein, 
monoelaidin, phosphatidylethanolamine, oleoylethanolamide, 
phospholipids, vitamin E TPGS, PEGylated phospholipids, 
alkyl glycerates and glycolipids. GMO, OG, and PT are the most 
widely studied lipids that form liquid crystals for drug delivery 
purposes [2, 7, 8, 12, 15, 18, 19].

GMO is a polar unsaturated monoglyceride containing a 
cis double bond at C9 and an acyl chain attached to a glycerol 
backbone by an ester bond. It is a nontoxic, biodegradable, and 
biocompatible material that is classified as GRAS (generally 
recognized as safe). GMO can form a lamellar phase at low 
water contents and a cubic phase with an excess of water. It 
is also considered a skin permeation enhancer because it can 
temporarily and reversibly disrupt stratum corneum lipids, 
promote ceramide extraction and enhance the lipid fluidity of 
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this skin layer. Therefore, liquid crystalline systems formed by 
GMO are a very interesting vehicle for skin delivery due to their 
permeation enhancer properties and the ability to control drug 
delivery [2, 4, 5, 20, 21].

OG presents a similar structure to that of GMO, but it can 
form a reverse hexagonal phase in an excess of water at 
physiological conditions, whereas GMO forms a cubic phase. The 
structural difference between the cubic and reverse hexagonal 
phase results in distinct release rates for the same drug when 
released from systems based on OG and GMO [9].

The phase behavior of PT is similar to that of GMO, mainly 
with respect to the formation of a bicontinuous cubic phase in 
an excess of water at room temperature and a reverse hexagonal 
phase at higher temperatures. Therefore, it is also widely used 
in drug delivery systems. However, the structure of PT does not 
include an ester functional group, which confers an improved 
stability to PT compared with GMO, as the ester bonds within 
the GMO headgroup are susceptible to enzymatic breakdown 
(esterase-catalyzed hydrolysis) to form oleic acid and glycerol. 
PT can also improve the moisture retention of skin and 
consequently improve drug permeation [2, 8, 9, 22].

12.3  Liquid Crystalline Macroscopic Forms

Liquid crystals have been used as drug delivery systems in several 
forms, such as bulk liquid crystalline gels, liquid crystalline 
precursors and dispersed systems (cubosomes or hexosomes). 
Bulk liquid crystalline gels are easily prepared by simply mixing 
the lipid and aqueous phase, which may contain additives [2, 9, 10]. 
Drugs can be dissolved in the lipid or aqueous phases depending 
on their solubilities.

Cubic phase gels have been commonly used as drug delivery 
systems for several routes of administration, but the stiffness 
and viscous nature of the bulk phase of these gels usually hinders 
their spreading during application. Therefore, some drug delivery 
systems are formulated as cubic phase precursors, which are 
less viscous but can transform into a cubic phase at the site 
of application, mainly by water absorption (in situ gelification 
upon contact with water from body fluids). This strategy is often 
employed in the development of drug delivery systems that 
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contact body fluids, like oral, subcutaneous, and mucosal delivery 
systems [9, 10, 15].

Dispersed systems can also be prepared when the bulk liquid 
crystalline structure is dispersed in an excess of water and forms 
nanoparticles. In this way, cubic phase gels can be fragmented 
and, with the addition of stabilizers, form stable colloidal 
dispersions, which are termed cubosomes. In the same way, 
hexagonal phases can also be dispersed and form structures 
named hexosomes [2, 10]. These nanostructured particles consist 
of a unique drug delivery system with interesting properties, 
such as an increased surface area generated by their inherent 
nanostructure. An important feature of these particles is that 
they retain the inner structures of liquid crystalline systems, 
which confers sustained release properties [9, 12, 21–23].

Cubosomes and hexosomes can be prepared via several 
fragmentation methods of liquid crystalline systems. Some 
methods involve high-energy input to fragment the systems. 
Specifically, a mixture of the structure-forming lipid and stabilizers 
is hydrated to self-assemble in a viscous bulk phase. The bulk 
is then dispersed upon the input of high-level energy (high-
pressure homogenization, ultrasonication) to form cubosomes or 
hexosomes [2, 9]. Other methods of preparation include the 
reconstitution of dispersions from dried lipid/stabilizer films 
and precipitation upon diluting lipids in the presence of solutions 
containing an aqueous phase or upon dialyzing a mixed micellar 
solution to form nanostructured systems [9]. Cubosomes or 
hexosomes can be formed by the controlled addition of aqueous 
medium, which rapidly reduces the lipid solubility and results 
in particle formation [2]. Most systems require a dispersing 
agent or stabilizers (bile salts, amphiphilic proteins or block 
copolymers) because these nanostructured particles tend to 
aggregate [9]. The properties of these nanoparticles (such as 
their size, structure and stability) can be affected by their internal 
composition, dispersion polymer concentration and processing 
conditions [11].

Liquid crystals can also be formed in emulsions formulations. 
Some surfactants used to stabilize emulsions may form liquid 
crystalline structures in the continuous aqueous phase when 
used in excess, extending as a three-dimensional network. 
Lamellar liquid crystalline phases also can be formed surrounding 
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the oil droplets of an emulsion formulation, maintaining an 
ordered structure and a low interfacial tension. Emulsions 
containing liquid crystals are suggested to have advantages, 
such as improved stability (the network formed can slow the 
movement of emulsion droplets and decrease the coalescence of 
the dispersed phase), prolonged skin hydration, sustained drug 
release and improved skin penetration [14, 16].

12.4  Liquid Crystalline Mesophases

The use of surfactants able to form liquid crystalline systems is 
explored in the development of topical drug delivery systems 
[24, 25]. Liquid crystalline mesophases are formed when 
amphiphilic molecules spontaneously form thermodynamically 
stable, self-assembled structures in the presence of water, and 
they exhibit several arrangements, such as lamellar, cubic, 
hexagonal phases. Figure 12.1 presents several arrangements of 
crystal, liquid crystal, and fluid phases formed by GMO and water 
systems [1, 6, 12, 19, 26].

The lamellar phase (L) consists of planar lipid bilayers 
stacked in a one-dimensional lattice separated by layers of water. 
The polar head groups of the lipid molecules are facing each 
other and come in direct contact with the thin lamellae, whereas 
the hydrophobic tails are oriented away from the water molecules 
in tightly packed bilayers. This system can flow because the 
parallel layers can slide over each other during shear. The texture 
is streaky or mosaic-like and can be easily identified by 
polarizing light microscopy due to a characteristic anisotropic 
pattern [3, 4, 9].

Cubic phase structures consist of two continuous but 
nonintersecting water channels separated by a lipid bilayer. 
This bilayer is curved and extends in three dimensions. This 
mesophase exhibits the most complex spatial organization of 
the liquid crystalline phases, which allows it to be used as a slow 
release matrix for several drugs. Cubic phases present different 
lattice arrangements, which can be classified into three types: 
double-diamond cubic phase (Pn3m), body-centered cubic phase 
(Im3m), and gyroid cubic phase (Ia3d). These arrangements 
can be identified by X-ray crystallographic studies. Cubic phases 
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are thermodynamically stable, isotropic by polarizing light 
microscopy and consist of a transparent, very viscous, and rigid 
gel [1, 2, 4, 7, 9, 10].

Figure 12.1	 Schematic representation of phases formed by GMO systems. 
Reproduced with permission from Qiu, Caffrey, 2000 [26].

The hexagonal phases present micellar columnar structures. 
A normal hexagonal phase (HI) consists of long cylindrical 
micelles separated by water, whereas an inverse hexagonal 
phase (HII) consists of long cylindrical cores of water arranged 
on a hexagonal lattice. The inverse hexagonal phase consist of 
aggregates arranged as cylinders in a continuous matrix consisting 
of long rod-like micelles lying parallel to each other in a hexagonal 
array, and the long-range order is two-dimensional. These systems 
are anisotropic under polarizing light microscopy [1, 3, 6, 9]. 

Another mesophase that can be formed by amphiphilic 
molecules is the sponge phase (L3), which is obtained in the 
presence of solvents. This mesophase is obtained and characterized 
in liquid crystalline systems formed by GMO when a solvent is 
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added to a GMO/water cubic phase in sufficient amounts for the 
solvent molecules to slightly penetrate the lipid bilayer, making 
it more flexible and flat. The solvents used to prepare sponge 
phases can be propylene glycol (PG), dimethyl sulfoxide (DMSO), 
ethanol, N-methyl alpha pyrrolidone (NMP) and polyethylene 
glycol (PEG). The internal structure of this phase is one congruent 
lipid bilayer that extends in three dimensions and is surrounded 
on both sides by a mixture of water and solvent. This mesophase 
is described as a molten cubic phase because it shares the 
properties of a bicontinuous cubic phase but does not exhibit a 
long-arranged order [1, 27, 28].

12.5  Identification of Mesophases

Liquid crystalline phases can be identified by several techniques, 
such as polarizing light microscopy, differential scanning 
calorimetry (DSC), small-angle X-ray scattering (SAXs), low-
frequency dielectric spectroscopy, nuclear magnetic resonance 
(NRM), Raman scattering spectroscopy, cryo-transmission electron 
microscopy (Cryo-TEM), or cryo-field emission scanning electron 
microscopy (Cryo-FESEM) [4, 9].

The simplest technique to identify liquid crystals is polarizing 
light microscopy, which identifies the mesophases based on the 
optical birefringence of the systems. Because of the anisoptropic 
molecular arrangement of the lamellar and hexagonal phases, 
they can be easily identified by specific patterns under polarizing 
light microscopy. The lamellar phase is identified by the presence 
of oily streaks and Maltese crosses, whereas the hexagonal 
phase exhibits a fan-shaped or cone-shaped mosaic. Typical 
photomicrographs of lamellar and hexagonal phases are shown 
in Fig. 12.2. Nevertheless, the cubic phase is isotropic under 
polarizing light microscopy, i.e., its molecular arrangement is 
nonbirefringent, showing a dark field under a polarizing light 
microscope. Polarizing light microscopy is a simple and useful 
method to identify liquid crystalline systems, but it only indicates 
the phase of the liquid crystal. Consequently, other methods 
are necessary to confirm the crystallographic structure of the 
systems [4, 9].



439

Figure 12.2	 Representative photomicrographs of liquid crystalline 
systems of GMO and water (A and B lamellar phase) and 
GMO, water and oleic acid (C and D hexagonal phase).

12.6  Factors That Affect the Formation of 
Liquid Crystals

The formation of liquid crystalline phases by a polar lipid and 
water is affected by several factors, such as the molecular structure 
of the lipid molecule, water content of the system, temperature, 
pH, pressure, and addition of a third substance (drugs or additives) 
[2, 15, 21].

Several phase diagrams describe the mesophases formed 
under certain conditions of temperature and water contents, 
mainly for GMO/water systems, which are the most studied 
liquid crystalline systems proposed for drug delivery. Briefly, the 
phase behavior of GMO can be described as micellar (reverse 
micelles L2) at low water contents. As the water content increases, 
a phase transition to the lamellar phase is observed. As the 
hydrocarbon chain disorder increases due to either heating or 
increases in the water content, there is a transition from the 
lamellar to a cubic phase, which is stable in an excess of water. 
GMO is known as a lipid that exhibits a wide cubic phase region 
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in the phase diagram, including gyroid and diamond cubic phase 
structures. Therefore, this lipid is a very interesting material 
for drug delivery purposes. A reverse hexagonal phase (HII) 
is found at higher temperatures (higher than 80°C). Therefore, 
the water content and temperature are determining factors in 
the formation of liquid crystalline mesophases [4–7, 26, 29].

To form a liquid crystal, amphiphilic molecules arrange 
themselves to minimize the free energy of the system when in 
contact with water, exposing the hydrophilic regions to the aqueous 
environment and packing the hydrophobic domains to minimize 
interfacial forces [3]. A lamellar phase is usually obtained at 
low water contents and consists of planar bilayers separated by 
layers of water [4, 9]. These bilayers present no curvature (zero 
curvature), although nonlamellar phases are characterized by 
a nonzero curvature of the lipid bilayer. A lipid bilayer tends to 
curl to relieve stress within the layers, and this tendency depends 
on the composition and interactions between the lipids and 
water [6, 21]. The presence of unsaturations in the molecule is 
also reported to favor the formation of nonlamellar phases by 
increasing the tendency of a bilayer to curve.

The molecular geometry of the forming lipid plays an 
important role in the determination of phase behavior [2, 10]. 
The effect of molecular shape on interfacial curvature has been 
described in terms of molecular packing using the concept 
of the crucial packing parameter (CPP), which is defined as 
CPP = v/aol, where v is the hydrophobic chain volume, ao is the 
cross-sectional area of the surfactant headgroup and l is the 
hydrophobic chain length. The CPP is useful to predict the phases 
that are preferentially formed by a given lipid in a liquid 
crystalline system. When CPP = 1, a lamellar phase is favored, 
whereas oil-in-water structures, such as normal micelles and 
normal cubic and hexagonal phases (HI), are formed when CPP is 
smaller than 1. When CPP is higher than 1, water in oil structures 
are formed, such as reverse cubic phase, reverse hexagonal 
phases (HII), and reversed micelles [10, 12, 29].

Temperature also influences the formation of mesophases 
because the increase in temperature increases chain disorder, 
which leads to a phase transition. Temperature and pressure, 
as well as the salt concentration and pH value, were reported to 
induce phase transitions between cubic and hexagonal phases. 
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Phase transitions from a lamellar to a cubic phase were observed 
at low concentrations of Ca2+ [2], whereas the formation of a 
hexagonal phase was favored at low pH values [30].

The presence of compounds other than the lipid and water 
in a liquid crystalline system can influence the packing parameter 
of the lipid and consequently the formation of the liquid crystalline 
phases [2, 31]. These compounds may be drugs added to the 
systems to be delivered or additives added with a particular aim, 
such as permeation enhancers, viscosity modifiers, bioadhesive 
polymers, and others. Thus, the presence of drugs or additives 
can influence the structure of the mesophases and induce phase 
transitions, which can also affect the drug release profiles. 
Phase transitions in GMO liquid crystalline systems have been 
observed with several drugs, such as lidocaine, chlorpheniramine 
maleate, diltiazem, propranolol HCl, and vitamin K [2, 7, 32, 33, 38]. 
The polarity and molecular structure of the additive determine 
its location inside the liquid crystalline structure (location at the 
polar region or the nonpolar domain of the lipid bilayer), which 
may influence phase behavior. Therefore, the additive affects the 
interfacial curvature of the systems in different manners, which 
can lead to different phase transitions. Generally, the addition 
of hydrophilic drugs favors a lamellar phase, whereas lipophilic 
additives induce phase transitions from cubic to hexagonal phases 
[7, 29, 34]. Hydrophobic additives dissolve in the lipophilic 
domain and increase the hydrocarbon chain volume, which 
increases the CPP and consequently favors the formation of 
nonlamellar phases [12, 34]. Hydrophilic additives decrease the 
availability of water to the mesophase and favors lamellar phases 
[34]. For example, the addition of oleic acid to cubic phase systems 
induced a transition to a hexagonal phase. Propylene glycol and 
polyethylene glycol favor the formation of lamellar and cubic 
phases and, at certain concentrations, may form a sponge 
phase [20, 27–29, 31, 35].

Additives can also change the transition temperatures of 
liquid crystalline systems, and this approach can be used to 
manipulate the phase structure exhibited by systems and improve 
their properties as drug delivery systems. The addition of 
hydrophobic molecules, such as oleic acid, oils, or co-surfactants, 
to liquid crystalline systems promotes phase transitions to 
obtain hexagonal phases, which could be obtained only at high 
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temperatures. This approach allows the use of hexagonal phases 
as drug delivery systems by overcoming the hindering high 
temperatures typically required to obtain this mesophase [3]. 
Hexagonal phases are interesting for skin drug delivery because 
they are less viscous than cubic phase and can be easily applied 
on skin. The addition of vitamin E acetate to phytantriol bulk 
phases alters the transition temperatures of the systems and the 
phase transitions [22]. The addition of amphiphilic additives can 
alter the transitions temperatures between a highly diffusive 
(cubic phase) and a less diffusive mesophase (reverse hexagonal, 
lamellar), which presents different release properties. A 
temperature-induced transition from cubic to hexagonal can 
be obtained and therefore, drug release can be modulated at 
physiological temperatures. Switching the applied temperature 
can induce phase transitions and consequently control the release 
rate of drugs [3].

Additives also can be used to alter the viscosity of liquid 
crystalline systems. An example of this approach is the use of 
solvents to reduce the viscosity of cubic phase systems. Specifically, 
cubic phases produce very rigid, stiff gels, which can complicate 
their practical applicability and limit their use as drug delivery 
systems. The addition of solvents, such as ethanol, PG, or PEG 
400, influences the phase diagrams and reduces the viscosity of 
the systems, forming soft gels whose flow properties make them 
easier to spread. This behavior is desirable for some routes of 
administration. Considering topical application of these systems, 
the resultant soft gels retain a liquid crystalline structure and can 
be easily spread on the skin. For other routes of administration, 
such as injectable or mucosal drug delivery, this strategy can be 
used to develop liquid crystalline precursors that can undergo a 
rapid transition to the highly viscous cubic phase at the site of 
application via water absorption [7, 15, 36–38].

12.7  Liquid Crystals as Drug Release Systems

Liquid crystalline systems can be used as carriers for several 
drugs and can provide a slow drug release matrix for different 
routes of administration [2, 9, 10]. The presence of hydrophilic 
and hydrophobic domains in the liquid crystalline structure allows 
the incorporation of hydrophilic, lipophilic, and amphiphilic 
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drugs. Hydrophilic drugs will be located in the aqueous domain, 
whereas lipophilic drugs will be loaded in the lipid bilayer, and 
amphiphilic drugs will be accommodated close to the interface 
(Fig. 12.3) [2, 9, 10].

Internal water 
channel

Lipid bilayer

Water channel

(a)

(b)
Hydrophilic drugs
Lipophilic drugs
Amphiphilic drugs

Figure 12.3	 Structures of (a) reversed bicontinuous cubic and 
(b) hexagonal phases and possible localization of drugs. For 
simplicity, only parcial lattice is represented. Reproduced 
with permission from Chen et al., 2014 [2].

The release rate is controlled by several factors related to the 
physicochemical properties of drug and the release properties 
of the system. The proposed mechanism for drug release is the 
diffusion of drug in the aqueous channels of the liquid crystalline 
structure, which are considered the principal route for a drug to 
be released. The diffusion of a drug in the liquid crystalline system 
can be hindered by the physical restriction of the drug motion 
due to the complex internal structure of the systems and/or 
interactions with the systems, resulting in a slow release [7, 13, 15].

Many factors influence drug release, such as the type of 
liquid crystalline phase, initial water content, swelling capacity, 
interactions between drugs and lipid bilayers, drug solubility, 
diffusion coefficient, drug load, temperature, pH, and ionic 
strength of the dissolution media [2, 15, 39]. Drug release depends 
on the physicochemical properties of the drug, which will define 
the location of the drug inside the system. Because drugs are 
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released by diffusion in the aqueous channels of the cubic phase, 
the drug will be readily released if it resides in these channels. 
However, if a drug is very lipophilic and located in the lipid 
bilayer, partitioning into the aqueous channels may become the 
rate-limiting step. Therefore, different drugs may be released from 
liquid crystalline systems in different manners, depending on 
their chemical nature, dimensions, solubilities, and location of 
the drug inside the systems [7, 37].

The release of drugs from liquid crystalline systems also 
significantly depends on their mesophase structure [3]. Therefore, 
all above-discussed factors that affect phase transitions will 
influence drug release. The release of both hydrophilic and 
hydrophobic drugs use to be greater from the cubic phase 
than the hexagonal phase due to differences in the aqueous 
domains of theses mesophases. In cubic phases, the aqueous 
channels are likely open to the external media, whereas the 
aqueous compartments are closed extended micellar columnar 
structures in the hexagonal phase. Therefore, the aqueous domain 
has easier access to the external solution in a cubic phase, 
which favors drug release [8, 15]. 

The release profiles of sodium diclofenac and celecoxib from 
the cubic and lamellar phases of GMO/ethanol/water systems 
have been studied. Specifically, the cubic phase released larger 
amounts of drug than the lamellar phase, indicating that sodium 
diclofenac release depended on the mesophase structure. 
However, celecoxib release was not affected by the mesophase 
structure because both the cubic and lamellar phases presented 
similar drug release profiles. These differences can be attributed 
to the diffusion pathways of drugs: Whereas sodium diclofenac 
likely diffuses through the aqueous channels, celecoxib seems to 
diffuse through the lipid continuous region [37].

However, factors other than the mesophase of the system 
may account for drug release. Drug release from liquid crystalline 
systems may also be influenced by the material that comprises 
the system. Systems prepared with different lipids but presenting 
the same mesophase can provide different release profiles for 
the same drug. This difference can be attributed to differences in 
the arrangement of lipids, which may vary in terms of curvature, 
the lattice parameter of liquid crystalline structures and possible 
hydrophobic interactions between drug molecules and the lipid 
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bilayer. These factors can affect drug diffusion through the systems 
and consequently influence drug release [13, 15]. Interactions 
between drug molecules and lipid bilayer via hydrogen bonding or 
ion-pairing have been observed for several drugs and are related 
to an incomplete release of some drugs from liquid crystalline 
systems. These interactions involve specific interactions between 
drug molecules and lipid components that may account for the 
incorporation of the drug into the lipid domain of the system 
and influence drug release [4, 15, 33].

Importantly, mesophases presented by liquid crystalline 
systems are related to the water content of this system. As 
mentioned above, lamellar phases are favored at low water 
contents. In the presence of excess of water, liquid crystalline 
system matrices absorb water, swell, and go on a phase transition 
to a cubic phase. When swelling is significant, it can also influence 
drug release because the drug will be released by simultaneous 
processes of matrix swelling (water migration into the systems 
and increase in the diffusional path of the drug) and drug diffusion 
through the matrix [36, 39].

The influence of the initial water content of liquid 
crystalline systems on their release properties is controversial. 
Some investigations showed that the initial water content directly 
correlates with the rate of drug release due the increased degree 
of hydration of the matrices. This phenomenon was observed 
for the release of several drugs (salicylic acid [39], the peptidic 
drug (DADLE) [40], celecoxib [37]). In matrices exhibiting a 
higher initial water content, the hydrophilic channels available 
for the release of drugs are expanded, which accelerates diffusion 
and release compared with less swollen matrices [8]. Additives 
can also hydrate the lipid headgroups and swells the water 
channels [41]. The addition of hydration-enhancing surfactants 
enhances the hydrophilic domain, which can control the 
dimensions of water channels and is correlated with the drug 
diffusion rates [3]. However, some investigations found that 
the initial water content did not affect the release rates due to 
the rapid formation of a cubic phase [8, 42]. In the presence of 
excess of water, liquid crystalline matrices rapidly absorb water 
to form a cubic phase. Because this phase transition is very 
rapid, the incorporated drug will be released primarily from the 
cubic phase formed after water absorption, resulting in similar 
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release profiles independent of the initial water content [7, 8]. 
Given these different results, the influence of the initial water 
content on drug release likely depends on the drug properties, 
their diffusion pathway, and the presence of significant drug 
partition in the lipid bilayer [37, 39]. Drug load can also affect 
drug release from liquid crystalline systems, but this influence 
also depends on the drug properties. Specifically, drug release 
may or may not depend on the drug load for various studied 
drugs [39, 43, 44].

The pH value of the surrounding media can also influence 
drug release because it influences drug solubility and ionization. 
Changes in the pH values can alter drug solubility in the 
dissolution media, which may affect the drug release process. 
The pH value also affects drug ionization and consequently will 
account for the degree of possible ionic interactions between 
charged drugs and the lipid bilayer, which can lead to the 
binding of the drug to the mesophases, incorporation of drug 
into the lipid bilayer, and formation of less soluble ion-pairs. 
Consequently, these interactions may influence drug release 
[4, 30, 33, 44].

12.8  Liquid Crystals and Skin Permeation

Liquid crystals should be proposed as vehicles for topical/
transdermal drug delivery for several reasons. As mentioned 
before, these systems present several properties that allow them 
to be used as drug delivery systems, such as thermodynamic 
stability, lipid and aqueous domains (which can dissolve drugs 
with different polarities), and the ability to improve the solubility 
of poorly water-soluble drugs. Their complex structure can also 
provide controlled drug release, and the aforementioned factors 
that affect drug release can also influence skin permeation 
by altering the amount of drug available to permeate skin. In 
addition, their particular structure favors interaction with skin 
lipids, which can improve drug permeation [2, 9, 10]. 

The stratum corneum is considered to be the rate-limiting 
barrier in transdermal drug delivery. Lipids form lamellar 
structures in the intercellular spaces of the stratum corneum, 
which contributes to the barrier properties of the skin layer 
[17, 45]. Liquid crystals present a structural organization very 
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similar to that found in the lipid components of the stratum 
corneum, which would provide the high affinity of these systems 
for skin. The interaction of the liquid crystalline phases with the 
intercellular lipid packing of the stratum corneum results in a 
disruption of the lamellar structure of the lipid bilayer in this 
skin layer. Of particular interest for this route of administration 
are cubic and hexagonal phases, which are the most studied 
mesophases for skin drug delivery. Cubic and hexagonal phases 
can reportedly penetrate the stratum corneum due to their 
structural similarity with skin lipids. Therefore, these systems 
are interesting vehicles for topical/transdermal drug delivery. 
This disruption leads to more fluid and permeable lipid packing, 
which facilitates drug permeation [10, 20]. Liquid crystalline 
systems promote a particular distribution of drugs when applied 
on skin. This distribution differs from those obtained with 
common vehicles used for topical drug delivery. The distribution 
of a fluorescent model drug in human skin was studied in four 
different formulations (water, ointment, and cubic phases formed 
by either GMO or PT), and the fluorescence was measured by 
two-photon microscopy. This fluorescence correlated with the 
local concentration of drug, which facilitates the evaluation of 
drug penetration and distribution inside the skin. The distribution 
pattern when using cubic phases differed from those of common 
ointment and water. The intercellular pathway for drug penetration 
seems to be predominant when using water vehicle and ointment, 
whereas an intercluster pathway dominated for cubic phases. 
The fluorescence from cubic phase systems mainly localized 
to micro-fissures caused by the microscopic clustering of 
keratinocytes in the skin. These findings indicate that cubic phases 
were able to penetrate into micro-fissures. This route contributes 
to drug delivery and clearly shows that the penetration pathway 
of the drug into skin differs between cubic phases and water or 
ointments vehicles. Cubic phase systems also yield threadlike 
patterns of fluorescence in inner skin layers, whereas a more 
homogeneous pattern was found for water vehicles. The threadlike 
pattern observed for cubic phase systems indicates the diffusion 
of the formulation into the lipid matrix between cell layers, 
which suggests interactions between the lipid bilayers of the 
liquid crystals and cellular lipid matrix [46]. 

Liquid Crystals and Skin Permeation
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Another interesting feature of liquid crystalline systems 
regarding skin drug delivery is that some commonly used lipid 
components, such as GMO and PT, are recognized as permeation 
enhancers. Thus, the lipid that comprises the lipid domain of the 
liquid crystalline system can improve drug permeation when in 
contact with skin by increasing stratum corneum fluidity and 
extracting lipids. In addition to structural similarity with skin 
lipids, the presence of these lipids with permeation enhancer 
properties result in synergistic effects that improve the permeation 
of skin by the drug [9, 10, 20, 32]. Liquid crystalline systems also 
allow the incorporation of others permeation enhancers, such 
as oleic acid or isopropyl myristate, which can be dissolved in the 
lipid domain of the liquid crystal structure. Oleic acid has been 
used as permeation enhancer in liquid crystalline systems for 
skin delivery of cyclosporine–A [20, 31]. It is also possible to 
incorporate other substances with the aim of improvement of 
drug permeation. Liquid crystalline drug delivery systems 
containing cell-penetrating peptides, such as penetratin, TAT, 
and RALA peptide, have been studied to enhance the penetration 
of nonsteroidal anti-inflammatory drugs (sodium diclofenac 
and celecoxib). Cell-penetrating peptides are a kind of peptides 
with functions of penetration into living cells that can be used 
to enhance delivery through skin in the development of drug 
delivery systems. They can overcome the stratum corneum barrier 
and improve drug permeation [41, 47, 48].

Liquid crystalline systems can be applied to the skin in 
several forms, such as bulk cubic or hexagonal phases, 
nanodipersions or gel formulations that contain liquid crystalline 
nanodispersions. Cubosomes and hexosomes have been proposed 
for topical and/or transdermal drug delivery due to the similarity 
of their inner structure and the epithelium cells as well as their 
good permeability. They present some advantages over bulk 
phase gels, such as high fluidity and a large superficial area of 
the dispersions in contact with skin, which might improve the 
interaction with skin. For example, nanodispersions of a hexagonal 
phase increased the delivery of vitamin K to skin compared with 
a hexagonal bulk gel [9, 10, 12, 31, 32].

The type of mesophase presented by the systems can also 
influence drug permeation. Different liquid crystalline structures 
present differences in the internal structure, viscosity, and drug 
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release properties, which may account for differences in the skin 
permeation profiles. Therefore, developing drug delivery systems 
with appropriate mesophases that maximize drug diffusion and/or 
skin permeation is important to optimize skin drug delivery 
[20, 48].

The topical delivery of cyclosporine A was evaluated by 
applying cubic and hexagonal phases made of GMO or GMO/oleic 
acid, respectively. Both systems increased the skin penetration 
of cyclosporine A in vitro and in vivo. The cubic phase increased 
the drug penetration in the stratum corneum and (epidermis 
+ dermis) but did not exhibit percutaneous delivery, whereas 
the reverse hexagonal phase increased drug penetration in 
(epidermis + dermis) and percutaneous delivery of the drug. 
Therefore, the hexagonal phase appeared to increase drug 
penetration in deeper skin layers and through skin. These 
differences must be due to the internal structure of the systems 
(cubic and hexagonal phase), that provide different drug release 
profiles. However, differences in the components of the systems 
(the presence of oleic acid in hexagonal phase) should also 
affect the permeation profiles [20].

The cubic and lamellar phases of GMO/ethanol and water 
mixtures containing a cell-penetrating peptide (TAT) as a 
permeation enhancer were evaluated. TAT-enhanced drug 
permeation from the cubic phases to a remarkable extent, although 
the effect on drug permeation from the lamellar phase was very 
small. The structures of cubic and lamellar phases can likely 
control the diffusion of the studied drugs. In addition, there was 
a binding of TAT and GMO in the lamellar phase, and the diffusion 
of the peptide was decreased within the lamellar system, but 
not in the cubic phase system. Different levels of drug and 
peptide released from cubic and lamellar phases lead to different 
permeation profiles [48].

The influence of the mesophase presented by the systems 
on skin drug delivery was also reported for the transdermal 
delivery of paclitaxel, which was studied using BRIJ-based liquid 
crystalline phases presenting hexagonal and lamellar mesophases. 
The hexagonal phase showed a lower release and cutaneous 
delivery of paclitaxel than the lamellar phase, which was attributed 
to the higher viscosity of the hexagonal phase, which hinders 
drug diffusion through the system [24].

Liquid Crystals and Skin Permeation
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Different mesophases clearly present different drug release 
properties. Therefore, the drug release will determine the 
amount of drug available to permeate skin and consequently, 
skin permeation. Thus, differences between drug permeation 
from different mesophases may be related to the drug release 
properties of each mesophase that yields a particular drug release 
profile. However, drug release is not the sole factor determining 
drug permeation, as skin interactions can also be the rate-limiting 
step for skin permeation. In this case, different mesophases may 
yield different drug release profiles and even present similar skin 
permeation rates. Lamellar and cubic phases presented similar 
permeation rates for sodium diclofenac, although cubic phase 
showed a higher amount of drug released. The explanation for 
this behavior is that, in this case, skin interactions have more 
influence in skin permeation than drug release [48].

The structure of drug molecules can also influence their 
release/permeation profiles from liquid crystalline systems. 
The in vitro skin permeation of diclofenac salts from liquid 
crystalline systems was studied, and different salt derivatives of 
diclofenac exhibited distinct permeation profiles. The different 
physicochemical properties of each salt may influence their 
permeability through skin due to an influence at the ability to 
diffuse through the system and possible chemical interactions 
with the lipids of the liquid crystalline structure, which influence 
drug release [13].

Additives can also be used to modify the properties of 
liquid crystalline systems and improve drug permeation. Additives 
can modify the mesophase presented by the systems, which, as 
described before, may affect drug release and skin permeation 
[20, 31]. The effect of additives on drug permeation may also be 
related to increases in drug release. The addition of co-solvents 
or surfactants may increase drug release due to an increase in 
drug solubility in the media [40]. The effect of different additives 
on the skin permeation of finasteride from a liquid crystalline 
system was studied and showed different influences depending 
on the molecule added to the system. Additives that affect the 
interfacial curvature of the systems (propylene glycol, glycerol, 
or polyethylene glycol) increased drug release by allowing water 
pores to swell. This effect resulted in increased drug permeation. 
The addition of surfactants can increase drug solubility and 
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change the thermodynamic activity of drugs, and, thus, increase 
drug permeation [14]. Surfactants also improve drug permeation 
by accelerating drug release via the effect of the surfactants 
on the partitioning into the interfacial domain of the liquid 
crystals. In addition, higher concentrations of surfactants may 
increase the fluidity of the membrane and eventually increase 
drug permeation. In contrast, addition of oleic acid showed 
to reduce drug permeation, likely because this hydrophobic 
molecule increased the hydrophobic volume of the lipid domain 
and promoted a transition from cubic to hexagonal phase. 
Despite being a permeation enhancer, oleic acid decreased drug 
release and, due to its hydrophobicity, was retained in the lipid 
domain of the nanoparticles and not released to directly act on 
skin [49, 50]. The effect of additives on drug permeation may 
also be related to a direct effect on the skin. Specifically, additives 
may promote the disruption of the skin barrier and consequently 
improve drug permeation. The addition of monoglycerides with 
acyl chains of different lengths to lamellar phase systems affected 
the delivery of paclitaxel to skin and an inverse relationship 
between paclitaxel penetration and the acyl chain length of the 
monoglyceride was demonstrated. The effect of the monoglycerides 
was not related to an increased drug release but to a more 
pronounced disruption of the skin barrier [25].

Liquid crystalline systems may be modified with a defined 
aim as a strategy for topical delivery. Liquid crystalline 
nanoparticles whose surfaces have been modified by the binding 
of mucoadhesive polymer (chitosan) are proposed to enhance 
the topical delivery of drugs. Due to its positive charge, chitosan 
nanoparticles may act as a driving force for skin permeation 
of drugs entrapped [51].

Several studies have shown that liquid crystalline systems 
can improve the skin permeation of drugs. Table 12.1 presents 
several reports of the use of liquid crystalline systems for skin 
drug delivery. These studies describe the development of liquid 
crystalline systems in several forms (bulk liquid crystalline phases 
or nanodispersions) and the characterization of these systems 
by different techniques, such as polarizing light microscopy, small-
angle X-ray scattering, Fourier transform infrared spectroscopy, 
cryogenic-transmission electron microscopy, rheological studies, 
in vitro drug release studies, in vitro drug permeation studies 
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using Franz diffusion cells, evaluation of skin irritation, and 
in vivo drug activity. Most of these studies show that liquid 
crystalline systems can control drug diffusion, sustain drug 
release, and increase the drug permeability coefficient. Therefore, 
these systems improve the topical/transdermal delivery of 
several drugs. The mechanism of the enhanced drug permeation 
is attributed to possible interactions of the liquid crystalline 
systems with stratum corneum lipids and the disruption of its 
organized structure [10, 14, 25, 52, 53].

Table 12.1	 Studies using liquid crystalline systems as drug delivery 
systems for skin applications

Type of system Composition Drug Ref.

Bulk lamellar 
phase

Vitamin E TPGS/isopropyl 
myristate/propylene glycol

quercetin [18]

Bulk lamellar 
phase

BRIJ/monocaprylin/
monomyristolein

paclitaxel [25]

Bulk cubic phase GMO/propylene glycol capsaicin [36]
Bulk cubic phase GMO/water paeonol [52]

Bulk cubic phase GMO/water d-aminolevulinic 
acid (ALA)

[54]

Bulk cubic phase GMO or PT/water d-aminolevulinic 
acid (ALA)

[55]

Bulk hexagonal 
phase

GMO/tricaprylin/water + 
RALA

Sodium 
diclofenac

[41]

Bulk hexagonal 
phase

GMO/tricaprylin/water + 
penetratin

Sodium 
diclofenac

[47]

Bulk lamellar and 
cubic phases

GMO/ethanol/water + TAT Sodium diclofenac/
celecoxib

[48]

Bulk hexagonal 
and cubic phases

GMO/water/oleic acid cyclosporine A [20]

Bulk lamellar and 
hexagonal phases

BRIJ/medium chain 
mono-diglycerides

paclitaxel [24]

Bulk lamellar and 
cubic phases

GMO/ethanol/water diclofenac salts [13]

Bulk lamellar and 
cubic phases

GMO/water celecoxib [56]
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Bulk sponge phase 
+ iontophoresis

GMO/propylene glycol d-aminolevulinic 
acid (ALA)and 
methyl-esters

[28]

Cubosomes GMO/Poloxamer 407 indomethacin [53]
Cubosomes GMO/Poloxamer 407 a-lipoic acid [57]
Liquid crystalline 
nanoparticles

GMO/Poloxamer 
407/surfactants

finasteride [50]

Liquid crystalline 
nanoparticles

GMO/Poloxamer 
407/additives

finasteride [49]

Liquid crystalline 
nanodispersions 
(hexagonal phase)

GMO/oleic acid/ 
Poloxamer 407/ 
cationic polymers

siRNA [58]

Liquid crystalline 
nanoparticles

GME/hydrogenated 
lecithin/1,3 butylene 
glycol/Poloxamer 407

flurbiprofen [59]

Liquid crystalline 
nanoparticles

GMO/Poloxamer 407/
chitosan

finasteride/
dutasteride

[51]

Liquid crystalline 
nanodispersion 
(hexagonal phase)

GMO/oleic acid/ 
Poloxamer 407

cyclosporine A [31]

Liquid crystalline 
nanoparticles and 
bulk hexagonal 
phase

GMO/water and 
GMO/water/ 
Poloxamer 407

vitamin K [32]

Emulsion with 
liquid crystals

Oil/water/surfactants itraconazole [16]

Emulsion with 
liquid crystals 

Oil/water/surfactants hydroquinone/
salicylic acid

[14]

Bulk 
thermoresponsive 
gel

Cholesteryl cetyl 
carbonate/lauryl 
alcohol

indomethacin [60]

Liquid crystalline 
pharmacogel 
(lamellar phase)

Synthetic prodrug propranolol 
hydrochloride

[61]

The studies presented in Table 12.1 suggest that liquid 
crystalline systems are considered potential vehicles in topical 
drug delivery and cosmetic formulations [62].

Liquid Crystals and Skin Permeation
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Lamellar liquid crystals or liquid crystalline nanodispersions 
have been investigated for use in cosmetics and skin care products 
due to their similarity in structure to the intercellular lipids of 
the stratum corneum, which exhibit a lamellar arrangement. 
The structural similarity with lipids confers a high affinity to skin 
and enables the system to act as a specific modulator of water-
retention in the stratum corneum [45, 62]. Liquid crystalline 
systems (bulk gels or nanodispersions) showed better skin 
care characteristics with regard to permeability, skin hydration, 
and skin occlusion as well as clinical benefits, such as a reduction 
in facial lines and improvements in skin color and texture without 
irritation or other adverse effects [45, 57, 62]. 

Skin delivery of drugs is proposed to optimize drug 
administration and reduce side effects associated with oral 
administration. Liquid crystalline systems can be considered a 
promising approach to deliver drugs to skin as they can sustain 
drug release and improve drug penetration in the skin layers 
[13, 56].

Several studies use liquid crystalline systems to deliver 
finasteride for the treatment of androgenic alopecia as a 
alternative strategy to avoid drug-related side effects [49–51]. 
In the same way, these systems are proposed for the delivery 
of anti-inflammatory drug for the treatment of severe pain and 
others inflammatory conditions. The chronic use of nonsteroidal 
anti-inflammatory drugs (NSAIDs) might be accompanied 
with severe side effects that limit their use by long-term oral 
administration. Nevertheless, other routes of administration such 
as skin delivery have been explored. Liquid crystalline systems 
could be a promising approach to delivering NSAIDs to the skin as 
they can sustain drug release, improve drug penetration into the 
skin layers, and minimize side effects [41, 47, 48, 56]. Another 
interesting feature of liquid crystalline systems is the potential 
for topical delivery of prodrugs and photosensitizers used in 
photodynamic therapy (PDT) with promising results. There are 
some difficulties related to the administration of these drugs by 
conventional systems such as chemical instability of drugs and 
limited transdermal and/or tumor penetration. Liquid crystalline 
systems are a strategy to overcome these difficulties and optimize 
PDT [28, 54, 55]. Liquid crystalline nanodispersions modified 
with cationic polymers have been proposed as carriers for the 
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topical delivery of siRNA, with promising results. The topical 
delivery of siRNAs can modulate local gene expression in a variety 
of cutaneous disorders while avoiding systemic side effects. 
Nevertheless, the skin barrier is an obstacle to topical nucleic 
acid delivery and is a particular hindrance to the topical delivery 
of siRNAs. The aforementioned systems present interesting 
properties to overcome these obstacles, such as the presence of 
lipid-forming liquid crystals with permeation enhancer properties 
(such as GMO) that facilitate siRNA penetration into the skin 
and the ability to protect siRNAs from physical and enzymatic 
degradation. These systems enable the dermal delivery of siRNA 
and can form a deposit on the skin surface, resulting in prolonged 
release [58, 63, 64].

Novel liquid crystalline systems, such stimuli-responsive 
systems that undergo phase transitions upon different stimuli, 
have been explored. These transitions can modulate drug release 
in optimized conditions for a given route of administration. 
Several strategies are proposed to manipulate drug transport 
by different stimuli, such as pH-responsive systems, the use of 
ionic interactions to the control entrapment and release of drugs, 
the modulation of hydrophobic interactions between drug and 
lipid bilayers, the modulation of the mesophase water channel 
sizes, thermo-responsive systems, light-responsive nanosctructured 
mesophases, or the modulation of drug transport with externally 
applied magnetic fields [3]. These different attempts offer novel 
drug delivery systems for different routes of administration, 
and some of them can be used to improve systems designed for 
topical delivery.
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Cyclodextrins and Skin Disorders: 
Therapeutic and Cosmetic Applications

13.1  Introduction

Skin disorders currently affect millions of people worldwide 
with physical and often traumatic psychological implications for 
quality of life [1, 2]. The primitive topical application of mud, 
urine, oils, plant extracts and animal products gives evidence to 
the knowledge of ancient societies on the need to maintain a 
healthy skin and treat skin disorders [3, 4]. This knowledge has 
evolved with the convergence of clinical and scientific research 
and development to produce an overlap between traditional 
pharmaceutical approaches and cosmetic principles [3]. Many 
polymers with mainstream pharmaceutical and dermatological 
applications are being used in cosmetic science. One of such 
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polymers is a group of cyclic oligosaccharides called cyclodextrins 
(CyDs). They are made up of six to eight dextrose units linked 
by glycosidic bonds. Today, many dermal products formulated 
with CyD are available for the prevention and treatment of 
skin disorders. Classifying these products as either cosmetic or 
therapeutic is often problematic, and complicated by the aetiology 
and description of many skin disorders. However, we know that 
many skin disorders will benefit from the use of cosmetics products 
and do not necessarily require dermatological interventions 
with dermal drugs. Many skin diseases can also be prevented by 
the use of cosmetic products [5]. The controversial definition of 
cosmeceuticals as a broad range of product between cosmetics 
and drugs has not resolved this classification problem, since 
many pharmaceutical and clinical scientists still consider dermal 
products as either cosmetic or pharmaceutical [3, 6, 7].

Considering this overlap, and within the context of this 
book, this chapter aims to provide an overview of CyDs in the 
prevention and treatment of skin disorders from both the cosmetic 
and therapeutic perspective. It will describe CyDs and their 
application as drug carriers for dermal therapeutics and also 
review the bases for its numerous cosmetic uses in the prevention 
of skin disorders and/or maintenance of a healthy skin. 

13.2  Cyclodextrins: Historical Background 
and Description

Cyclodextrins were first isolated and reported by the French 
scientist Villiers in 1891, as the product of bacteria (Bacillus 
amylobacter)-induced degradation of starch. Villiers named 
this product “cellulosine” because of its similarity to cellulose, 
and described its non-reducing and acid hydrolysis resistant 
properties [8]. During the first decade of the 20th century, 
Schardinger initiated the study of CyDs chemistry (Fig. 13.1). He 
described them as cyclic oligosaccharides and identified both 
alpha- (a-CyD) and beta-cyclodextrin (b-CyD) [9–11]. By the 
1950s, Freudenberg and co-workers had chemically identified 
CyD molecules as repeating units of glucopyranose linked by 
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a-(1,4) glycosidic bonds in a ring formation. They also isolated 
gamma-cyclodextrin (g-CyD) and successfully synthesized the 
first pure CyD [11–17].

Figure 13.1	 Schematic representation of the chemical structure of 
a-cyD, b- CyD and g–CyD. Adapted from [29].

The biosynthesis of CyD is facilitated by an enzymatic 
product of bacteria known as cyclodextrin glucosyltransferase 
enzyme (CGtase). The CGtase enzyme can be produced from 
different types of microorganisms such as strains of Bacillus 
sp. (B. amylobacter, B. macerans, B. circulans, B. subtilis, B. 
megaterium, alkalophilic Bacillus sp.), Klebsiella (K. pneumoniae, 
K. oxytoca), Thermoanaerobacter sp., Clostridium sp. [16]. During 
the biosynthesis of CyD, CGtase induces the intramolecular 
transglycosylation reaction to degrade the amylose helix fraction 
of starch, and facilitate the subsequent cyclization of the product 
to form toroidal or doughnut shaped molecules (Fig. 13.2). This 
toroidal shape is due to the stabilization of the C2–C3 hydroxyl 
groups by hydrogen bonds, and its rigid non-rotating structure. 
The most important characteristic of the CyD toroids is the 
hydrophilic exterior surfaces and hydrophobic interior cavities, 
which confers the ability to clathrate various molecules, thus 
forming inclusion complexes. This toroidal characteristic is due 
to the orientation of the hydroxyl groups of the glucose residues 
towards the external surfaces of the toroid with the primary 
(C-6) and secondary (C-2 and C-3) hydroxyl groups at the narrow 
and wider edges, respectively. On the other hand, the interior 
cavity is lined by skeletal carbons and ethereal oxygens, 
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which give it a lipophilic character [15, 18–21]. Many types of 
starch have been used as substrates for CyDs biosynthesis. 
However, potato starch is still the most commonly used due to 
high yield [22].

Figure 13.2	 Toroidal structure of b-cyclodextrin.

The natural CyDs, i.e. a-CyD, b-CyD and g-CyD, are commonly 
referred to as the first-generation CyD and are formed by six, 
seven, and eight glucopyranose units, respectively [11]. While 
CyD with fewer glucose units cannot be formed due to steric 
hindrances, homologs with nine or more glucose units have been 
identified. French and co-workers [23] identified delta (d-CyD) 
and epsilon (e-CyD). Thoma and Stewart [24] identified zeta 
(z-CyD) and eta (h-CyD). Unlike the natural CyDs, these larger 
CyDs have small biosynthetic yields, they are difficult to purify 
and also have poor molecular inclusion properties [16, 25, 26]. 
Natural CyDs are crystalline, homogeneous, and non-hygroscopic 
substances. Their melting point is not clearly defined as 
they start to decompose at about 270°C and produce a sharp 
endothermic endpoint (differential scanning calorimetry) 
indicating CyD decomposition at 300°C [16]. Some other important 
physicochemical properties [27, 28] of natural CyD are presented 
in Table 13.1.
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Table 13.1	 Physicochemical properties of natural cyclodextrins

Properties a b g

No. of glucose units 6 7 8
Molecular weight 972 1135 1297
solubility in water (g/100 ml), 
room T

14.5 1.85 23.2

[R]D 25°C 150.0 ± 0.5 162.5 ± 0.5 177.4 ± 0.5
Inner cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3
Height of Torus (Å) 7.9 ± 0.5 7.9 ± 0.5 7.9 ± 0.5
Diameter of outer periphery (Å) 14.6 ± 0.4 15.4 ± 0.4 17.5 ± 0.4

Approximate cavity volume (Å3) 174 262 427

Approximate cavity volume in 
1 mol CyD (ml)

104 157 256

Approximate cavity volume in 
1 g CyD (ml)

0.1 0.14 0.2

Crystalline forms (from water) Hexagonal 
plates

Monoclinic 
parallelograms

Quadratic 
prisms

Crystal water content (% wt) 10.2 13.2–14.5 8.13–17.7

Water molecules in cavity 6 11 17
Solubility in water 
(room temp., g/100 ml)

14.5 1.85 23.2

Diffusion constant at 40°C 3.443 3.224 3

Hydrolysis by A. oryzae 
a-amylose

Negligible Slow Rapid

pK (by potentiometry) at 25°C 12.332 12.202 12.081

Surface tension (MN/m) 71 71 71

Partial molar volumes in 
solution (ml/mol)

611.4 703.8 801.2

Adiabatic compressibility 
in aqueous solutions ml 
(mol–1 bar –1) × 104

7.2 0.4 –5

Source: Adapted from [30].

Cyclodextrins
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The developments of biotechnological and industrial chemistry 
processes of the 20th century led to the synthetic or semi- 
synthetic modification of many natural molecules. These 
modification processes were carried out to enhance desired 
physicochemical properties while reducing the unwanted 
ones. These technologies also led to the synthesis of many CyD 
derivatives by molecular substitution (amination, esterifications, 
etherifications) of their primary and secondary hydroxyl 
groups. Depending on the nature and degree of substitution, the 
hydrophobic molecular cavity volume, affinity for guest molecules, 
solubility, and stability of natural CyD were modified [31–34]. 

For instance, while natural CyD are hydrophilic, their 
aqueous solubility is limited. This aqueous solubility which is 
dependent on hydrogen bonding between hydroxyl groups is 
dramatically increased by substitution of the hydroxyl groups. 
Even substitution by hydrophobic moieties such as methoxy 
functions can increase aqueous solubility [35, 36]. The use of 
hydropropyl derivative of b-CyD (HP-b-CyD) while increasing 
aqueous solubility also reduces the drug binding ability of the 
CyD cavity. However, the drug binding ability of these parent CyD 
(b-CyD) can be enhanced by partial methylation of the hydroxyl 
groups 2-, 3- and 6-positions at the risk of increasing its toxicity 
[37]. Another group of derivatives are the amphiphilic CyDs, 
formed by primary and/or secondary side chain substitution with 
long alkyl and fluoroalkyl groups. They are important in dermal 
drug delivery due to their ability to form monolayers, micelles 
and bilayer vesicles [38]. While more than a hundred derivatives 
of CyDs have been synthesized, toxicological and safety concerns 
have limited the approval and application of many as drug 
carriers for therapeutics [39]. Some common CyD derivatives 
are listed in Table 13.2.

Table 13.2	 Physicochemical properties of natural cyclodextrins

Cyclodextrin derivatives
Molecular 
weight

Solubility in water 
(mg/ml at 25°C)

Alpha-cyclodextrin a-CyD 972 145
Beta-cyclodextrin b-CyD 1135 18.5
2-Hydroxylpropyl-beta-
cyclodextrin HP-b-CyD 1400 >600
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Cyclodextrin derivatives
Molecular 
weight

Solubility in water 
(mg/ml at 25°C)

Dimethyl-beta-cyclodextrin DM-b-CyD 1331 —
Randomly methylated-beta-
cyclodextrin

RM-b-CyD 1312 >500

Sulphobutylether-beta-
cyclodextrins

SBE-b-CyD 2163 >500

Gamma-cyclodextrin g-CyD 1297 232
2-Hydroxylpropyl-gamma-
cyclodextrin

HP-g-CyD 1576 >500

Source: Adapted from [11].

13.3  Cyclodextrin-Guest Molecule Complexes

CyDs are versatile drug carriers due to their ability to form 
inclusion complexes with guest hydrophobic molecules in an 
aqueous medium. They are also capable of forming non-inclusion 
complexes and complex aggregates [28, 30, 40]. Thus, they are able 
to modify the physicochemical and pharmacokinetic properties 
of drug molecules for efficient drug delivery. These properties 
such as drug solubility, bioavailability, membrane permeability, 
enzymatic and chemical stability, photostability, physical state, 
taste and odour, skin irritability and intrinsic volatility have all 
been modified by complexation with CyD [19]. Drug-CyD inclusion 
complexes are formed by non-covalent bonds or simply by the 
clathration of the guest molecule into the toroidal hydrophobic 
cavity of CyD (Figs. 13.3 and 13.4). During inclusion complex 
formation, whole drug molecule or some lipophilic moiety of a 
compound with poor aqueous solubility replaces enthalpy-rich 
water molecules thus reducing the energy of the system. The 
equilibrium between the guest molecule and free CyD facilitates 
inclusion complex formation. The efficiency of this inclusion 
process depends on the polarity, steric dimensions, molecule 
size, electronic effects, temperature, pH and method of inclusion. 
Other factors like the hydrogen bonding, van der Waals, surface 
tension, molar ratio (1:1, 1:2, 2:1) have also been reported to 
play some role in the formation of inclusion complexes. It is 
important to note that not all drug molecules form stable inclusion 
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complexes. Molecules with high aqueous solubility tend to interact 
with the hydrophilic surfaces to form association compounds or 
non-inclusion complexes [20, 21].

Figure 13.3	 Formation of drug–CyD stoichiometric complexes.

Figure 13.4	 Driving force for complex formation. Adapted from [16].

Since their discovery by Villiers, CyDs have attracted enormous 
research attention and scientific exploration [17]. It has evolved 
into an important material for the pharmaceutical, chemistry, 
cosmetics, agriculture, environmental, textile industries, etc. While 
the first patent on CyD was issued to Freudenberg and co-workers 
in 1953 [11], industrial application was limited due to poor 
production methods. The biotechnological development of the 
early 1980s enabled the genetic engineering of different 
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CGTase enzymes with specific affinity for a-, b- or g-CyD; and 
the subsequent large-scale production of low cost CyDs for 
industrial application [41]. Many review articles and books are 
available with enormous details on CyD chemistry, technology 
and application [11]. This chapter will discuss the application of 
CyD as drug carriers for the prevention and treatment of skin 
diseases.

13.4  Skin Safety and Toxicity Considerations 
of Cyclodextrins

CyDs’ safety like all other excipients remains a major concern 
when seeking approval for pharmaceutical formulations. The 
biological fate and toxicological profile of the CyDs and all other 
excipients are required to be fully defined. This is particularly 
important as contradictory results of CyDs’ skin safety have 
been reported in literature [11]. Piel et al. [42] demonstrated the 
skin compatibility of CyDs using corneoxenometry techniques on 
human stratum corneum. Generally, most natural CyDs and their 
derivatives are considered non-irritant and safe for dermal drug 
delivery because they do not induce the disruption of stratum 
corneum layer. Lipophilic CyDs such as the methylated derivatives 
are perhaps the only group that alters the barrier properties 
of the skin through component extraction and fluidization [43, 44]. 
This ability is, however, dependent on CyD concentration 
in the formulation [40]. A study performed by Bentley and 
co-workers [45], using a hairless mouse model, suggests that 
HP-b-CyD can increase the permeability of the stratum corneum 
possibly as a result of extraction of lipids. However, it is 
important to note that these studies were conducted with empty 
CyD. The encapsulation of drug molecules in CyDs’ cavities is 
likely to reduce its ability for skin component extraction.

13.5  Cyclodextrins and Dermal Drug Delivery

In the treatment of any skin disorder, the efficacy of dermal 
therapy is dependent on the efficient delivery of the drug to the 
target sites of drug action. Typically, topical medications are for 
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local prophylactic or therapeutic effect on the skin surface; 
cutaneous penetration to treat disorders within the skin; and 
percutaneous absorption for contact with non-target sites in 
systemic circulation [46]. The dose of the drug delivered to 
these target and/or non-target sites determines the desired 
pharmacologic and adverse effects. In dermal drug therapeutics, 
the goal is to situate the drug within the epidermis or dermis and 
prevent systemic absorption [47]. This is difficult to achieve in 
a controlled and reproducible way because the skin provides a 
formidable barrier and determines the efficacy of topically applied 
medicines. The primary function of the skin is to protect the 
body from environmental toxic agents and excessive water loss. 
The stratum corneum serves this protective function being the 
rate-limiting barrier for percutaneous drug transport [4]. 
Generally, a molecule that will penetrate the skin is expected 
to navigate the physical, chemical/biochemical (lipids, acids, 
hydrolytic enzymes, anti-microbial peptides and macrophages) 
and the adaptive immunological barriers of the epidermis in 
sufficient quantity [48]. Such a molecule must be sufficiently 
hydrophilic and lipophilic for adequate availability at the site of 
absorption and stratum corneum penetration, respectively [49]. 
Substances that are very hydrophobic cannot pass easily through 
the stratum corneum and viable epidermis because they are not 
available in sufficient concentration at the site of absorption 
to facilitate passive diffusion. It is also expected to have small 
molecular weight (<500 Da) [49–51]. While (per)cutaneous 
delivery of lipophilic drugs is majorly facilitated by dissolution 
into intercellular lipids in the stratum corneum, hydrophilic 
drugs can be absorbed through the pores of the hair follicles and 
sebaceous glands [52]. How the degree of interaction between 
these properties affect percutaneous transport is often difficult 
to define. Essentially, carrier-mediated dermal drug delivery is 
used to manipulate the drug and/or the target site in order 
to optimize drug formulation effectiveness, dose availability 
(bioavailability) and therapeutic efficiency.

Thus, CyDs’ ability to modify the physicochemical property 
of drug molecules without changing their intrinsic abilities has 
found application in the design and optimization of dermal 
formulations and cosmetic products for the prevention and 
treatment of skin disorders. There are also many reports of 
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CyDs’ ability to modify the anatomical structure of the skin. 
Some of the capabilities of CyDs as drug carriers for dermal 
delivery are discussed below.

13.5.1  Enhancement of Dermal Drug Absorption 
and/or Penetration

Skin penetration enhancers are a group of agents used in dermal 
formulations to facilitate the disruption of physiological barrier 
system of the skin for enhanced drug penetration. They decrease 
the ability of the barrier system by distorting the intracellular 
lipid configurations, changing solvent nature, increasing hydration 
and enhancing the drug partition into membranes. Thus, lipophilic 
and hydrophilic drug molecules that will ordinarily be prevented 
from (per)cutaneous penetration are allowed to permeate the 
membranes irrespective of the delivery system. CyDs have been 
used as penetration enhancers in dermal formulation. However, 
because of their large molecular weight (> 1000 Da), they do not 
penetrate the skin to disrupt the barrier system. They act by 
affecting different aspects/levels of dermal flux (according 
to Fick’s law of diffusion [42] governs permeation across the 
stratum corneum in dermal drug absorption [41, 53].

	 ,=
KD

J D
h

D 	 (13.1)

where J is the drug flux across stratum corneum, K the drug 
partition coefficient between the skin and the formulation, D 
the drug diffusion coefficient or diffusivity of drug molecules; 
DD the concentration difference between donor phase and 
the receptor side of the membrane, and h the thickness of the 
stratum corneum.

Generally, drug dissociation from the inclusion complex by 
dilution in aqueous fluids is impossible with dermal formulations. 
This makes tissue uptake the likely mechanism of absorption. 
CyDs become effective penetration enhancers by increasing 
the concentration gradient (DD) to achieve the required sink 
condition of tissue uptake. By increasing the aqueous solubility 
of the dermal formulation, CyD increases drug availability on the 
skin surface for higher tissue uptake and absorption [49]. Using 
hairless mouse skin as a model, Lopez et al. [54] reported an 
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enhanced dexamethasone permeation from b-CyD and HP-b-CyD 
inclusion complexes due to increased drug concentration on the 
skin surfaces. Ventura et al. [55] also described the enhanced 
celecoxib drug flux across the stratum corneum due to an increase 
in the dissolution rate. Both inclusion complex with DM-b-CyD 
and non-inclusion complex with HP-b-CyD positively influenced 
the aqueous solubility of celecoxib. Ascenso et al. [56] incorporated 
a complex of tretinoin and DM-b-CyD in a hydrogel and reported 
an enhanced skin retention of the drug compared to the free 
drug, due to an increase in the availability of the drug on the 
membrane surface.

Furthermore, the incorporation of dermal drugs into 
topical formulation can be increased without compromising 
the physicochemical stability by utilizing inclusion complexes 
of drug with enhanced solubility properties. This increases the 
concentration of the drug delivered to the skin surface for aqueous 
solubilization and tissue uptake. Higher doses of tenoxicam gels 
have been formulated with Me-b-CyD as complexes. The increase 
in the concentration of the drug in vehicle and partitioning 
behaviour positively influenced the observed percutaneous 
penetration of tenoxicam [57].

Contrary to this generally accepted mechanism, some studies 
have suggested the paracellular route of drug absorption for 
CyD complexes [55, 58]. Other studies have also described the 
CyD facilitated penetration enhancement by stratum corneum 
disruption. This is reported to occur by the extraction of some 
lipophilic constituents of the skin into the CyD hydrophobic cavity 
and the subsequent diffusion of the drug molecules through 
the disrupted barrier (reduction of h from Eq. 13.1) [59]. This 
ability is often dependent on the derivative of natural CyD used. 
Methylated CyDs have been shown to have higher ability to 
induce membrane damage by the extraction of cholesterol 
[60, 61]. While this ability has been used in some cosmetic 
formulations (empty CyDs), lipophilic extraction is unlikely to 
occur if the hydrophobic cavities are already occupied by 
hydrophobic drug molecules [53, 55].

The partition coefficient (K in Eq. 13.1) of the drug is also 
an important parameter for optimal dermal absorption. Drug 
solubility and thermodynamic activity have been reported to 
affect the partition coefficient. Thus, CyDs’ ability to increase drug 
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solubility positively affects the partition coefficient for enhanced 
drug absorption [62]. The prevention of skin metabolism or bio-
conversion of some drugs have also been described as the possible 
way by which CyDs increase drug availability and subsequent 
drug penetration of the stratum corneum. For instance, a 35% 
reduction in dexamethasone degradation was observed when 
b-CyD and HP-b-CyD complexes were used instead of the free 
drug [54].

13.5.2  Enhancement of Drug Tolerability

In the treatment of many skin disorders, adherence to therapy 
and subsequent therapeutic efficacy are often dependent on the 
tolerability of the drug formulation and the dosage form. Many 
drugs elicit topical adverse reactions when in direct contact 
with the skin or when the formulation is inadequate to prevent 
such reactions. Adverse topical reactions like erythema, burning 
sensations, desquamation, xerosis and local irritation have all 
been reported due to the corrosive nature of many drugs. These 
can be reduced or eliminated by incorporating such drugs into 
CyDs by inclusion complexes formation which reduces the drug 
molecules contact with the skin. The skin irritability of drugs 
like retinoic acid, prochlorperazine and celecoxib has been 
successfully reduced by complexation with CyDs [55, 63, 64]. 
Also because drug solubility is increased by CyD complexation, 
lower quantity of free drug is often required in such formulations 
to achieve defined therapeutic effects. This reduction of drug 
dose can significantly reduce skin exposure and susceptibility 
to adverse drug reactions.

13.5.3  Enhancement of Drug Stability in Dermal 
Formulations

Physicochemical and enzymatic stability of drug molecules in 
formulation is required for the therapeutic effectiveness of such 
formulation. Due to poor solubility, some drug molecules are liable 
to precipitation from aqueous formulation during manufacture, 
storage or use, while others may undergo various forms of 
chemical instability such as hydrolysis, oxidation and photo-
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decomposition. Enzymatic degradation of drug molecules due 
to the presence of esterases, dehydrogenases, etc., on the skin 
can lead to bio-conversion and inactivation of such drugs. Many 
studies have demonstrated the enhancement of physicochemical 
and enzymatic stability of many dermal drug molecules when 
formulated as inclusion complexes of CyDs. For instance, the 
crystallization of sericoside from topical formulations was 
eliminated by using HP-g-CyD and g-CyD complexes of this drug 
[65].

Most dermal formulations are dispersed systems with 
two immiscible phases stabilized by a surface acting agent. 
The stabilization of these systems with particles such as CyDs 
(Pickering emulsions) instead of emulsifiers has also been shown 
to enhance the tolerability and effectiveness of formulations 
[66]. CyDs form low soluble complexes at oil/water interface 
thus decreasing interfacial tension and modifying the interfacial 
rheology to stabilize the system. Natural CyDs-stabilized emulsions 
have been reported to have long-term stability in various storage 
conditions [66–68]. Linoleic acid, a substance that plays a vital 
role in the maintenance of skin barrier functions, has been 
applied in skin care and skin restorative cosmetic/dermatological 
products. However, it is susceptible to oxidation and rancidification 
which limits its use in such products. Reversible complexation 
with CyDs as described by Regiert [69] has ensured its stability 
to oxygen, light, and temperature. Many other studies have 
demonstrated the enhancement of drug stability with CyDs 
[70, 71].

13.5.3.1  Encapsulation and controlled delivery of 
volatile compounds	

Many active pharmaceutical ingredients of interest in the 
treatment of skin disorders exist as essential oils and volatile 
liquids. The encapsulation of the agents can reduce their volatility, 
protect them from environmental degradation and prolong skin 
contact [16, 19, 20, 72]. Arana-Sanchez et al. [73] microencapsulated 
oregano oil (Lippia graveolens) by spray drying with b-CyD to 
preserve the anti-microbial activity and improve the anti-oxidant 
activity of the active compound. Daletos et al. [74] observed a 
reduction in the odour and tastes of the essential oils: thymol 
and carvacrol by the forming inclusion complexes with b-CyD.



477

13.6  Application of Cyclodextrin in 
Dermatologic Products

Skin disorders encompass a large number of skin diseases 
ranging from the acute and benign to chronic and life threatening 
disorders. Their aetiology is linked to numerous infectious 
pathogens and inflammatory conditions. Therapeutic approaches 
to resolving these diseases are often based on the pathogenic 
origin of the disease and the skin structure that is affected 
[75, 76]. Gupta et al. [4] provide a pictorial chart (Fig. 13.5) of 
the basic classification of skin disorders.

Figure 13.5	 Schematic representation of various skin disorders.

Dermatologic drugs are only effective when they are able to 
reach these target sites (epidermis, keratinous tissues and hair 
follicles; dermis and subcutaneous tissues, etc.) within the skin in 
adequate concentrations. As stated earlier, effective delivery of 
these drugs within these skin structures is limited by the stratum 
corneum [77] and CyDs are suitable drug carriers for enhancing 
the therapeutic efficacy of these drugs. Despite the fact that very 
few CyDs containing dermal pharmaceutical products are currently 
being marketed [78], a review of literature shows numerous 
promising possibilities for CyDs enhanced therapeutic efficacy 
of many dermatologic drugs. These possibilities/applications in 
the treatment of some skin disorders are discussed below.

Application of Cyclodextrin in Dermatologic Products
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13.6.1  Anti-Acne

Acne vulgaris is a chronic inflammatory condition of the 
pilosebaceous unit characterized by facial eruption of comedones 
which are sebum and keratin containing plugs lodged in the 
follicular ducts. The aetiology of acne includes increased sebum 
production and hyper-cornification of the pilosebaceous ducts 
(follicular keratinization); and colonization by the bacterial 
Propionibacterium acnes. Due to the multidimensional nature of 
acne’s aetiology, therapeutic interventions involve several factors 
implicated in its pathogenesis such as androgenic hormonal 
stimulation responsible for sebum hyper-secretion, faulty occlusion 
of the follicular orifice, P. acnes colonization and immunological 
inflammatory response [79–81].

Keratolytic agents such as topical vitamin A acid (tretinoin, 
all-trans retinoic acid) and its synthetic analogues (retinoids) 
increase the turnover of follicular epithelial cells, thus normalizing 
keratinization, preventing follicular occlusion and inhibiting 
comedone formation [80–82]. However, the therapeutic use of 
tretinoin dermal formulations is limited by high skin irritability, 
low aqueous solubility, and high instability to air, light and heat 
[83]. Numerous studies have reported the use of CyD derivatives 
as drug carriers to ameliorate these topical tretinoin drawbacks. 
Anadolu et al. [64] observed that the treatment efficacy of 
retinoic acid (tretinoin)-b-CyD formulated as topical products 
was higher than those of commercial products containing twice 
the amount of retinoic acid. This is probably due to the enhanced 
water solubility and stability of the CyD complex of the drug. 
They also reported a reduction in the side effects of the drugs. 
This reduction in skin irritability and side effects has also 
been reported by Amdidouche et al. [84]. In a series of studies, 
Ascenso and co-workers [56, 85, 86] demonstrated the ability of 
DM-b-CyD to enhance the physicochemical and dermatological 
properties of tretinoin as mentioned before.

A US patent by At and Mallard [87] described the use of CyDs 
in the preparation of a stable topical adapalene for the treatment 
of acne and other dermatological diseases related to the 
keratinization disorders (comedones, papulopustular, etc.). Beyond 
the randomly methylated b-CyD (RAMEB) facilitated increase in 
drug solubility, its stability in the formulation prior to dermal 
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application was achieved by preparing complexes of adapalene in 
an excess CyD complex solution. This prevented formulation- 
induced de-complexation of the adapalene complex in dermal 
products and made the complex amenable to formulation in 
various topical galenic forms such as aqueous, aqueous-alcoholic 
or oily dispersions, dispersions of lotion type, aqueous, anhydrous 
or lipophilic gels, etc. De-complexation only occurred upon 
application to the skin with enhanced skin penetration of the 
drug and beneficial effect on comedolytic activity.

13.6.2  Psoriasis

Psoriasis is a chronic, genetically determined immune-mediated 
inflammatory disease characterized by thick, red, scaly plaque 
on the skin, scalp and joints [88]. Topical therapy, which is the 
first line treatment for psoriasis [89] can prevent severe psoriasis 
and its negative impact on the quality of life [90]. Vitamin D 
analogues like calcipotriol can inhibit the proliferation and 
differentiation of keratinocytes thereby increasing the amount 
of anti-inflammatory cytokines while decreasing the amount of 
pro-inflammatory cytokines. Poor aqueous solubility and skin 
irritability have limited their topical administration in the 
management of psoriasis. Emulgels containing calcipotriol complex 
with the anionically charged CyD (Captisol®) have been shown 
to increase drug release compared to those containing pure 
drug [88]. Singh et al. [91] studied the skin permeation and 
deposition of colchicine, a drug used in the treatment of psoriasis 
due to its immunosuppressive and anti-inflammatory activity. 
A 3.4-fold increase in skin permeation was observed with 
colchicine-b-CyD complex compared to colchicine drug solution. 
When formulated as elastic liposomes, colchicine-b-CyD complex 
facilitated a 12.4-fold increase in skin deposition compared 
the drug solution, while the formulation of colchicine elastic 
liposomes was only able to achieve 8.4-fold increase. Because 
skin accumulation is required for effective topical therapy with 
colchicine, an observed reduction in rate of skin permeation 
and systemic absorption in formulations containing b-CyD is 
indicative of CyD’s ability to mediate controlled topical delivery 
of colchicine in the topical treatment of mild psoriasis.

Application of Cyclodextrin in Dermatologic Products
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13.6.3  Dermatitis

CyDs mediate skin delivery and have been used to optimize the 
efficacy of numerous anti-inflammatory drugs applied topically 
to the skin for various forms of dermatitis. Some of these drugs 
are non-steroidal anti-inflammatory drugs (NSAIDs) whose anti-
skin cancer activities have also been demonstrated in cell culture 
and animal studies [92]. Skin accumulation of these drugs from 
topical therapy can cause localized cyclooxygenase inhibition 
and subsequent anti-inflammatory response to radiation-induced 
skin damage [93]. Thus, the objective of CyD carrier-mediated 
delivery is to optimize skin accumulation and prevent system 
absorption from the transdermal route. Topical formulations of 
ibuprofen at the maximum amount soluble in 10% HP-b-CyD 
resulted in a higher degree of skin accumulation and photo- 
protection, with huge potentials in the management of skin cancers 
[93]. Also, liquid crystalline gels containing lornoxicam-b-CyD 
showed a higher reduction in the degree of pain and inflammation 
ex vivo due to higher skin accumulation and avoidance of 
systemic absorption [94]. In another study, the coating of topical 
flurbiprofen PLGA and PLGA-PEG nanospheres with HP-b-CyD 
resulted in higher in vivo topical anti-inflammatory efficiency 
despite similar ex vivo skin accumulation data with uncoated 
nanospheres [95]. It is possible that CyDs can modulate enhanced 
anti-inflammatory activity by other means apart from skin 
accumulation.

In atopic dermatitis (eczema), immunologically mediated 
leukocyte infiltration into the skin significantly contributes to 
the pathogenesis of the disease. Often characterized by itching, 
swelling, redness, blisters, crusting, ulceration, pain, scaling, 
cracking, etc., therapeutic agents like corticosteroids have been 
administered both topically and systemically. CyD complexes of 
these drugs have been found to enhance/mediate skin delivery 
and topical efficacy [54, 96, 97]. Drug-induced contact dermatitis 
has also been alleviated by complexation of such drugs with 
CyDs [63, 98]. Xanthohumol, a prenylated chalcone found in hops 
(Humulus lupulus, Cannabaceae), has been reported to reduce 
contact dermatitis [99]. It has also been the subject of a recent 
CyD-related patent [100] in which the CyD-mediated increase 
in aqueous solubility was important for the treatment of skin 
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disorders such as contact, atopic, and seborrhoeic dermatitis, 
eczema and rosacea, acne, etc.

13.6.4  Microbial Skin Diseases

The skin is a natural host for many microorganisms such as 
bacteria, fungi and virus. Many factors such as age, hormonal 
status, local humidity, amount of sebum and sweat, and 
anatomical location affect the type and density of these organisms 
[101]. These organisms are often commensal or symbiotic but 
can become pathogenic if they are able to circumvent normal host 
defence mechanisms. For instance, a cluster of 100,000 fungi will 
only have a few pathogens capable of causing dermatomycoses 
[102]. While these organisms in their non-pathogenic state are 
generally tolerated on the skin surface, they are able to induce 
inflammation when present in the dermis [103]. Recurrent 
bacterial infections have also been known to complicate the 
prognosis of diseases like atopic dermatitis and psoriasis [104].

While the treatment protocol for microbial infections of the 
skin is often by oral therapy, topical application of antibiotic and 
antifungal agents are more effective as they are able to localize 
the drug at the superficial and cutaneous sites of disease, while 
also reducing systemic side effects. CyDs have been used to 
overcome numerous drawbacks on the topical use of these 
agents. Tenjarla and co-workers [105] prepared various complexes 
of miconazole with natural CyDs and their derivatives; and 
evaluated the ability of these CyDs to enhance the aqueous 
solubility and topical bioavailability. Skin permeation studies 
revealed a 2.6-fold increase in skin retention of miconazole due 
to higher solubility (54.6-fold) and/or the effect of a-CyD on the 
skin. Other drugs like topical doxepin have also been used for 
the treatment of pruritus and pain symptoms associated with 
herpes zoster-induced post-herpetic neuralgia and atopic 
dermatitis. Its localized analgesic activity demonstrated in the 
transcutaneous delivery of doxepin-HP-b-CyD was ascribed to 
HP-b-CyD-induced sustained drug release, prolonged analgesic 
activity, and a reduction in the systemic absorption/side effects 
[106].

The high risk of nephrotoxicity from the parenteral 
administration of amphotericin B, a poorly soluble, broad 
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antifungal and leishmanicidal drug with low incidence of 
resistance; limits its use in the treatment of cutaneous infections. 
The topical formulation of this drug will thus prevent systemic 
toxicity and localize the drug at the site of required action. Ruiz 
et al. [107] prepared creams and gels containing amphotericin 
B-g-CyD inclusion complexes and evaluated their topical antifungal 
and anti-leishmanial efficacy. The amphotericin B-g-CyD gel 
formulation exhibited a greater antifungal activity against all 
the strains tested in vitro compared to other formulations and 
clotrimazole creams. They hypothesized that the higher activity 
obtained with the amphotericin B-g-CyD formulation was due 
to the greater drug solubility and physicochemical stability. 
The amphotericin B-g-CyD gel was also effective in the topical 
treatment of cutaneous leishmaniosis as it was able to penetrate 
the epidermis and kill leishmania parasites localized in the dermis.

13.6.5  Wound Healing (Pressure Ulcers)

Pressure ulcers, which are localized lesions of the skin or 
underlying tissues, arise from reduced blood flow to the skin 
and subsequent skin death especially in hospitalized patients. 
This can have high pathological implications for underlying 
tissues and the body. It is characterized by skin blisters and 
open sores. Insulin has been known to promote wound healing 
due to its ability to facilitate re-epithelialization by epidermal 
differentiation and the formation of junctions between the 
epidermis and the dermis [108]. However, the aggregation of 
the hydrophobic portions of proteins such as insulin can lead 
to reduced activity, thermal denaturing and degradation. The 
incorporation of these hydrophobic portions into CyD cavities 
can have positive effects on the thermal stability of insulin even 
under high temperature conditions [109, 110]. The CyDs’ ability 
to increase the stability of disulphide bonds, which are important 
to the conformation of insulin, as observed in HP-b-CyD has also 
been proposed as a mechanism of preventing insulin degradation 
[109]. Valentini and co-workers [111] formulated insulin-HP-
b-CyD complexes in water-soluble Carbopol®-based gels and 
evaluated its clinical use in healing pressure ulcers. They observed 
that the CyD-containing gels promoted better healing of the 
ulcers (reduction of the pressure ulcer size, absence of necrotic 
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tissues, and revitalization of the tissues). They also observed the 
absence of systemic hypoglycaemia in the patients, which was 
indicative of the localized insulin effect.

13.7  Application of Cyclodextrins in Cosmetics

Cosmetic products play important roles in the prevention and 
treatment of skin disorders. For instance, the impairment of 
stratum corneum barrier functions observed in cutaneous 
disorders such as psoriasis, ichthyosis, atopic skin and contact 
dermatitis has been linked to skin dryness [112]. Environmental 
chemicals, low humidity, low temperature, normal aging process 
and psychological stress all modulate skin dryness and barrier 
homeostasis causing high susceptibility to irritancy and secondary 
bacterial infections [113]. By inducing superficial and deep layer 
changes, cosmetic products like moisturizing creams have been 
used to facilitate stratum corneum hydration in order to prevent 
skin dryness and also as adjuncts in the treatment of some skin 
disorders [112, 114, 115]. The use of sunscreens is also important 
in the prevention of ultraviolet-radiation-induced skin damage 
and cancers [116].

The past three decades have witnessed the publication of 
over 40,000 articles in scientific journals with specific interest 
on the application of CyDs to the field of cosmetics. These 
applications are based on the scientific knowledge of CyDs’ ability 
to modulate the physicochemical properties of these products, 
especially the aqueous solubility of lipophilic water-insoluble active 
compounds [117, 118]. Various cosmetic formulations containing 
CyDs have been designed, developed and approved for use. 
Marques [16] lists the basic functions of CyD in cosmetics as 
follows:
	 (i)	 prevention of the destruction of certain flavours, colours 

or vitamins associated with certain ingredients by 
processing or on storage

	 (ii)	 increasing water solubility of lipophilic materials
	 (iii)	 conversion of liquid or oily materials to powder form
	 (iv)	 increasing the physical and chemical stability of guest 

molecules by protecting them against decomposition, 
oxidation, hydrolysis and loss by evaporation

Application of Cyclodextrins in Cosmetics
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	 (v)	 reducing or preventing skin irritation
	 (vi)	 providing controlled release of active ingredients
	(vii)	 prevention of interactions between various formulation 

ingredients
	(viii)	 increasing or decreasing the absorption of various 

compounds into skin
Some of these functions in specific dermal products are 

discussed below.

13.7.1  Deodorants and Formulations for Odour Control

The offensive nature of body odour has been recognized for 
centuries [119]. Bacterial microflora present on the skin is 
implicated in the biogenesis of body odour. They facilitate the 
metabolism of non-odorous precursors in apocrine and sebaceous 
secretions to produce odorous volatile fatty acids, steroids, 
and sulphur compounds [120–123]. Several methods including 
increased personal hygiene, application of fragrances and 
antimicrobial agents, etc., have all been used to reduce or eradicate 
these odours with varying degrees of success [119]. Empty CyDs 
are able to extract and form inclusion complexes with gas and 
other volatile molecules generated by the microbial degradation 
of sweat [118]. These inclusion complexes immobilize the odorous 
molecules and odour precursors, thereby decreasing their vapour 
pressure below the olfactory perception threshold [119]. Many 
antiperspirants and deodorants target these microbial agents 
on the skin surface for their activity. CyDs molecules like b-CyD, 
HP-b-CyD, etc., have been used for this purpose [123]. Natural 
and chemically modified CyDs are also able to clathrate and 
deodorize unsaturated aldehydes responsible for aging odour in 
the middle age and elderly population [122]. The patent literature 
is replete with examples of CyDs used in the preparation of 
cosmetic deodorants [124–131].

CyDs have also been used to deodorize many cosmetic 
products containing active substances with unpleasant base 
odours. When CyD complexes of such substances are used, it 
is possible to reduce or completely eliminate such odour. For 
example, gluthathione an inhibitor of melanin pigment formation 
is an active ingredient of many de-pigmentation agents, skin-
improving and/or whitening cosmetic products. However, its 
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offensive odour often limits its cosmetic acceptability and use. 
The formation of a gluthathione-CyD complex eliminates the 
unpleasant odour and enhances its acceptability [132]. When 
dihydroxyacetone-CyD complexes are used in the manufacture of 
the tanning agent Ultrasun©, the unpleasant odour produced by 
the reaction of the free drug with the skin is eliminated [133].

Phytocide, an essential oil extracted from Thujopsis dolabrata 
timber, has been formulated in aqueous solutions and CyD as a 
functional sea water for bathing application with the ability to 
suppress body odour, improve health and prevent other skin 
diseases [134].

13.7.2  Fragrances

Fragrances are employed in cosmetic formulations to mask 
unpleasant base odour of a cosmetic product and/or provide 
a pleasant odour and product identity to meet consumer 
requirements. Perfuming processes with fragrances are, however, 
very difficult to achieve since they exist as poorly soluble or 
insoluble compounds in liquid state. The use of surfactants in 
their solubilization has resulted in other drawbacks such as 
skin irritation, sensitization to light, cloudiness and turbidity of 
erstwhile transparent products, and loss of fragrance constituents 
on storage due to high volatility and poor stability [16]. Long- 
lasting fragrances have been produced by forming inclusion 
complexes with CyDs. Numanoglu et al. [135] described the 
conversion of linalool and benzyl acetate fragrances to powders 
and the increased stability (decreased volatility) and aqueous 
solubility through the formation of inclusion complexes with 
b-CyD and 2-HP-b-CyD. The formation of cosmetic gels with these 
inclusion complexes ensured the control release of the fragrance 
over longer period to time.

13.7.3  Sunscreens

The increase in ultraviolet radiation to the earth due to the 
progressive stratospheric ozone layer damage, and the deleterious 
effects on the skin has been a major public health concern. 
Ultraviolet radiation induces damage of the skin’s immunological 
system, skin cancers, erythema, cutaneous photoaging, and other 
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skin diseases [136, 137]. This has led to the increased use of 
cosmetic sunscreens. The active components of these sunscreens 
are organic chemicals capable of absorbing UV radiations and 
attenuating their effects on the skin. They are often referred 
to as UV filters and are formulated as cosmetic lotions, creams 
and sprays. Light-induced decomposition and generation 
of skin toxic degradation products is a major concern in the 
formulation of these agents [138, 139]. One of the formulation 
approaches to ensure the photo-stability of these UV filters is 
the formation of CyD inclusion complexes sunscreens. The HP-
b-CyD inclusion complexes with phenylbenzimidazole sulphonic 
acid, butyl-methoxydibenzoylmethane and 2-ethylhexyl-p-
dimethylaminobenzoate showed enhanced photo-stability 
[98, 140, 141]. As observed in b-CyD and trans-2-ethylhexyl-p-
methoxycinnamate inclusion complexes, CyD can also enhance 
the chemical stability of sunscreen agents by limiting adverse 
interactions with other formulation ingredients [142]. By 
controlling or reducing membrane diffusion of the active agents, 
CyD inclusion complexes can reduce or eliminate skin penetration, 
interaction and irritability of UV filters like oxybenzone [143]. 
Scalia and co-workers [98, 140, 141] also reported a reduction 
in their skin irritation potential of UV filters when formulated as 
inclusion complexes. Sulphobutylether-b-CyD (SBE-b-CyD) was 
more effective than HP-b-CD in reducing the epidermal penetration 
and potential irritation of butyl-methoxydibenzoylmethane 
and oxybenzone [144–146]. Also, CyD facilitated increase in 
the concentration of the UV filters at the stratum corneum by 
the formation of drug reservoirs resulting into enhanced 
photoprotective effects [137, 144]. 

13.7.4  Skin Cleansers and Scrubs

The ability of empty CyDs to clathrate molecules such as fatty 
acids and sebum has led to their application as skin cleaners in 
some acne cosmetic formulations [53]. Cosmetic products 
containing b-CyD and Me-b-CyD have been described in patent 
literature by Saeki and Morifuji [147] and Matsuda and Ito [148], 
respectively. Also, due to their mild scrubbing ability, water- 
insoluble CyD polymer beads consisting of un-complexed 
epichlorohydrin treated b-CyD has been employed in the 
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formulation of facial cleansers [149]. The low solubility of salicylic 
acid limits its use as a skin cleanser despite its antibacterial 
and anti-keratolytic properties. When inclusion complexes of 
salicylic acid and HP-b-CyD are prepared, its aqueous solubility 
increases leading to the enhancement of its disinfectant, 
bacteriostatic, and keratolytic properties [150].

13.8  Conclusions and Prospects for the Future

While CyDs have been available for over a century, their 
application in the pharmaceutical and cosmetic industry is just 
about four decades old. Currently, there are many CyD-containing 
cosmetic and cosmeceutical products approved for use. However, 
there seems to be a gap between research data and patents on 
CyD-mediated dermal delivery of drugs and the translation of such 
information into pharmaceutical products. This may be due to 
the increased focus of the industry on the formulation of dermal 
drugs as cosmeceuticals. The design, development and marketing 
strategies of cosmeceuticals ensure access to the less rigorous 
approval procedures compared to pharmaceutical products. Also, 
because the claim of drug efficacy is not expressly required, a 
larger client base can be easily targeted with these products 
[151]. With numerous calls for a stricter regulation of the 
cosmeceuticals and the classification of about forty percent of 
all marketed pharmaceutical active ingredients as practically 
insoluble, the potential of CyD-mediated delivery in the treatment 
of dermal diseases is huge [151, 152]. Also, recent synergistic 
approaches of combining CyD’s drug delivery ability with other 
drug delivery technologies such as nanotechnology, for enhanced 
therapeutic efficacy of dermal drugs is expected to expand the 
scientific use of CyD in the treatment of dermal disorders [4, 153, 
154].
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Topical Formulations for Onychomycosis: 
A Review

14.1 Introduction

Nail fungal infections frequently addressed as onychomycosis 
present a considerable prevalence on the global population.

Onychomycosis often causes discoloration, thickening and
detachment from the nail bed [1], leading to eventual destruction
of the nail bed and inducing important psychosocial and
physical detrimental eff ects. In more extreme cases, aff ected
individuals may feel pain, discomfort and impaired or lost
tactile functions that lead to difficulties on walking, fitting shoes,
or other exercise [2]. This nail fungal infection counts for about
half of all nail diseases and approximately 30% of mycotic
infections [3, 4]. It can be caused by dermatophytes, yeasts, or
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non-dermatophytic molds. Approximately 80–90% of all ony-
chomycosis are caused by Trichophyton rubrum and Trichophyton 
mentagrophytes dermatophytes. Several non-dermatophytic 
fungi, such as Acremonium spp., Alternaria spp., Aspergillus spp., 
Fusarium spp., Scytalidium spp., and Scopulariopsis spp. have been 
reported to be involved in 2–11% of onychomycosis cases [4]. 
Regarding yeasts, Candida spp. is responsible for 2–10% of fungal 
infections.

Transmission of dermatophytes is mainly due to moist 
infected floors, whereas non-dermatophytic fungi are commonly 
found in traumatized nails in the elderly [4]. Onychomycosis is 
also associated with tinea pedis in 30–59% of reported cases [5].

Despite not being a life-threatening disease, this infection 
causes several problems to the infected patients. Unfortunately, 
limited topical therapy is available, and oral therapy comprises 
several problems.

This chapter reviews existing literature and report on tran-
sungual permeation and topical formulations for onychomycosis 
treatment.

14.2  Onychomycosis

14.2.1  Epidemiology

Onychomycosis prevalence has been reported to occur from 3% 
to 26% in the general population [1, 3–6].

Onychomycosis cases have been increasing in the past 
decades, from a prevalence of 1–2% to 14–15% in a 20-year time 
window [4]. According to several large studies, it is expected 
that onychomycosis prevalence will increase to 20% or more in 
the next decade [4].

Onychomycosis is a serious public health problem leading to 
detrimental physical and psychological effects. There are specific 
population groups affected by this disease. About 50% of all 
psoriasis patients (1–8% of general population) report nail 
psoriasis and 40–60% are affected by onychomycosis [5, 7, 8]. 
Onychomycosis also affects about one third of diabetes patients 
since they are more likely to suffer foot complications that can 
lead to dermatophytic infections, ulceration, osteomyelitis, cellulitis, 
and tissue necrosis that may result at worst in amputation [9].
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Onychomycosis greatly affects the patients’ quality of life 
even not being a life-threatening condition. Approximately half 
of patients with onychomycosis report some discomfort due to 
this condition: pain, difficulty on wearing footwear and walking, 
emotional embarrassment, and work-related difficulties. 

14.2.2  Risk Factors

Onychomycosis is an ailment that has several different risk factors. 
As for age, it is reported that onychomycosis is more prevalent 
at older age, being the elderly the most affected population with 
an age/infection correlation of 20% and up to 50% of subjects 
over 60 and 70 years old, respectively [1, 10, 11]. This correlation 
is often attributed to poor peripheral circulation, sedentary 
lifestyle, weaker immune system, diabetes, nail trauma, difficulty 
in performing foot hygiene and slower growing nails [2, 10, 
12, 13]. Children are rarely affected by onychomycosis, with an 
incidence of just about 0.4%, since this group has smaller nail 
surface, faster nail growth, less nail injuries, and lower tinea 
pedis incidence rate besides less contact with infected surfaces 
[5, 14–16].

Gender is also considered a risk factor being males more 
often affected by this type of nail infection [2, 11, 17]. Several 
authors postulated that this may be due to hormone differences 
between sexes, leading to a difference in the capacity to inhibit 
the growth of dermatophytes [18]. It is also considered that the 
use of occlusive footwear and nail injuries may contribute to 
higher incidence in males [2].

Recent studies have stated that onychomycosis may have 
a genetic basis, with an autosomal dominant pattern of inheritance 
related to T. rubrum infection, and increased susceptibility when 
at least one parent had onychomycosis [5, 8, 17, 19–22].

The environment plays an important role in contracting a 
fungal infection. Societies that less wear shoes tend to show a 
lower infection rate [2, 15]. On the contrary, athletes display an 
increased infection rate due to occlusive footwear, which allows 
a dark and moist environment for onychomycosis to develop. 
In addition, athletes contact more with moist infected surfaces, 
like swimming pools, communal shower rooms, and public toilets 
[23]. Nail trauma, synthetic clothing (which retains sweat), and 

Onychomycosis
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tinea pedis are also associated with sports and the incidence of 
this disease [2, 5, 13, 21, 23–26].

Immunodeficiency in HIV-infected individuals and in 
transplant recipients is also a risk factor for onychomycosis. 
These individuals, whose T-lymphocyte count is as low as 
400/mm3, tend to have a more widespread infection affecting 
both toe and fingernails [1, 5, 11, 23, 25–29].

Diabetic individuals are three times more likely to have 
onychomycosis than the general population, being 34% with 
onychomycosis. Diabetics have decreased peripheral circulation, 
neuropathy, impaired wound healing, and increased difficulty on 
foot checkups due to obesity, retinopathy, or cataracts. Therefore, 
injuries in toenails may go unnoticed due to neuropathy and act 
as entryways for bacteria, fungi, and other pathogens, leading to 
serious complications [4, 5, 11, 21, 24, 30].

14.2.3  Clinical Classification

There are five types of onychomycosis established according 
to the mode and site of invasion by the pathogen: distal 
and lateral subungual onychomycosis, superficial white ony-
chomycosis, proximal subungual onychomycosis, total dystrophic 
onychomycosis (Fig. 14.1), and endonyx onychomycosis [1, 2, 5, 29, 
31–33]. 

Figure 14.1	 Types of onychomycosis according to the mode and site of 
invasion of the pathogen.

14.2.3.1  Distal and lateral subungual onychomycosis

Distal and lateral subungual onychomycosis (DLSO) is the most 
common type of onychomycosis [1, 2]. The fungal infection 
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progresses in the nail from the distal to the proximal edge, 
via the distal-lateral margins or through the lateral nail plate 
groove, originating from the hyponychium. This type of infection 
is mainly caused by Trichophyton spp. and sometimes by 
Scytalidium spp. and Candida spp. [5]. It is frequent to find 
paronychia in these individuals, leading to subungual 
hyperkeratosis, nail thickening and onycholysis (nail detachment 
from the nail bed). The subungual space can be colonized by 
infectious bacteria and fungi, causing discoloration of the nail 
plate [1, 2, 5].

14.2.3.2  Proximal subungual onychomycosis

In this type of onychomycosis, fungi invade the area under the 
nail cuticle and induce the infection of the proximal nail plate. 
Then, it progresses distally along the nail plate. This clinical 
manifestation of onychomycosis is mainly prevalent in 
immunocompromised individuals, being especially common in 
AIDS patients where it is considered an early HIV infection 
clinical marker. The fungi responsible for proximal subungual 
onychomycosis (PSO) are T. rubrum, C. albicans, Fusarium spp., 
Aspergillus spp. and Scopulariopsis brevicaulis [5, 25].

14.2.3.3  Superficial white onychomycosis

Superficial white onychomycosis (SWO) presents itself as 
opaque white patches along the dorsal surface of the nail plate. 
The upper layers of nail keratin are infected mainly by 
Trichophyton mentagrophytes and T. rubrum. Other pathogens 
responsible for this infection are non-dermatophyte molds such 
as Fusarium spp., Acremonium spp. and Aspergillus spp. [28]. 

14.2.3.4  Endonyx onychomycosis

Endonyx onychomycosis (EM) is the most recently described 
form of onychomycosis, reported as an infection of both 
superficial and deeper layers of the nail plate. EM does not 
usually cause nail thickening, detachment, and inflammatory 
processes, but it leads to lamellar splitting, coarse pitting, and 
milky white patches within affected nail plates [4]. Usual pathogens 
are T. soudanense and T. violaceum [29, 30]. 

Onychomycosis
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14.2.3.5  Total dystrophic onychomycosis

Total dystrophic onychomycosis (TDO) is usually considered the 
end stage of any other type of onychomycosis. It can also exist 
on its own—primary total dystrophic onychomycosis—occurring 
mostly in patients with chronic mucocutaneous candidiasis. It 
is described as the nearly complete destruction of the nail plate.

Diagnosing onychomycosis is important in order to guarantee 
the best possible treatment and with less side effects. Nowadays, 
the diagnosis is based on a clinical evaluation in which nail 
samples are collected and analyzed by microscopy and fungal 
culture [1, 15, 23, 25]. Onychomycosis should be differentiated 
from other similar conditions, such as psoriasis of the nail, 
eczema, bacterial infections, contact dermatitis, traumatic 
onychodystrophies, chronic onycholysis, lichen planus, chronic 
paronychia, hemorrhage or trauma, onychogryphosis, median 
canalicular dystrophy, pincer nail, yellow nail syndrome, subungual 
malignant melanoma, and subungual squamous cell carcinoma 
[4, 15]. Among these disorders, it is especially difficult to 
differentiate onychomycosis from nail psoriasis, since they tend 
to share similar nail morphological changes [34].

14.3  Transungual Delivery

All drugs must reach their target location in order to be more 
effective. Particularly, the nail unit has different characteristics 
from the rest of body surface, and consequently, topical 
formulations may not deliver enough drug amounts to the nail 
bed. Therefore, it is quite important to clearly understand the 
nail biology in order to develop more efficient topical formulations. 

14.3.1  Nail Structure and Transungual Permeation

The nail plate is the main obstacle in the nail unit for drug 
permeation. It is hard, thin (0.25–1 mm), slightly elastic, 
translucent, and convex shaped and consists of 80–90 layers of 
dead, keratinized, flattened cells tightly bound to each other via 
intercellular links [35, 36]. The nail is constituted for nail plate, 
lateral fold, proximal fold, matrix, nail bed and distal groove as 
showed in Fig. 14.2 [37]. The nail plate can be divided in three 
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macroscopic layers—dorsal, intermediate, and ventral layers—
being the dorsal layer the hardest one [37]. In terms of chemical 
composition, the nail is composed of fibrous proteins, keratins 
(80% “hard” keratin, remaining “soft” keratin), water and a low 
amount of lipids (0.1–1%) in contrast to the stratum corneum 
(~10%). Under normal conditions, the nail plate can contain 
7–12% of water, but this content can rise up to 35% [35–37].

Figure 14.2	 Representation of nail structure.

Transungual permeation is dependent on drug properties 
(molecular weight, log P, charge, pKa, etc.), formulation charac-
teristics (pH, water content, etc.), nail plate properties (diseased 
state, hydration, thickness and keratin content), and drug–keratin 
interactions.

Accordingly, the most significant properties of the permeant 
drug are the following:

Molecular weight: It shows an inverse relationship with 
the drug permeation into the nail plate. Heavier molecules have a 
higher time permeation through the keratin network on the 
nail plate [35]. Drugs below 300 gmol–1 MW have enhanced 
transungual permeation rate [37]. Indeed, molecular weight is 
considered to be the most significant property affecting the nail 
permeation.

Log P: Permeation rate was found to decrease with an 
increase in carbon-chain length or lipophilicity attributed to the 
hydrophilic nature of the nail plate [37–40].

Charge: Non-ionic drugs were found to have about 10-fold 
greater permeability as compared to their ionic counterparts [38]. 
However, Elsayed et al. [37] stated that these results did 
not take into account the molecular weight of permeant drug, 

Transungual Delivery
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and regarding other studies, drug ionization can have a 
permeation enhancement effect due to an increase of aqueous 
solubility maximizing the transungual flux.

pKa and other physicochemical properties: In general, 
soluble molecules have good permeation across the nail plate. 
Weak acidic drugs are well permeated at higher pH, while 
weak basic drugs exhibit better permeation at lower pH values. 
Ionization can also contribute to increase drug solubility. In 
addition, if the molecule is sublimable at body temperature, it 
will be advantageous for permeating through the diseased nail 
plate, since it is able to overcome air cavities by being sublimed 
and reach the other side of the cavity [36].

On the other hand, the formulation composition also plays 
an important role on drug transungual permeation, as follows:

pH: Nail keratin has an isoelectric point of 5.0, turning to 
a net negative charge at pH 7.4 and net positive charge at pH 2.0. 
Therefore, some molecules might be repelled due to charging 
depending on pH. Some studies have stated that antifungal 
drugs have lower activity in acidic environments [39].

Water content: Water enhances the diffusion through the nail 
plate. As water hydrates the nail plate, its volume increases and this 
swelling causes larger pores, facilitating the permeation of bigger 
molecules [35].
Finally, the nail plate properties influence the drug transungual 
permeation as well [35, 40]:
Diseased nail plate: This state has an enormous influence in 
permeation as diseased nail plates have uneven thickness, fungi 
concentration, and onycholysis, which can lead to a detached nail 
surrounded by non-detached areas. In some cases, this can be 
beneficial since some formulations can be applied to the detached 
space [41].
Hydration: It increases the ungual permeability of polar compounds, 
as discussed before.
Drug binding to keratin: It can lead to disappointing results 
since it reduces the availability of the permeant drug and weakens 
its concentration gradient. Although this interaction highly 
influences antifungal activity, it is not frequently considered in 
many studies [42].

In summary, all factors that influence the drug transungual 
permeation are outlined in Fig. 14.3.
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Figure 14.3	 Factors influencing nail permeation of topically applied 
formulations.

14.3.1.1  Mathematical description of nail permeability

Fick’s adapted laws of permeability can be used for studying 
permeation through the nail plate.

Flux ( J ) occurs when an amount of permeant (Q in mol or g) 
moves across a membrane with a certain area (A in m2) during	
time (t in s) (Eq. 14.1). Fick’s first law describes the flux	
where D is the permeant diffusion coefficient (m2s–1) and C/x	
is the permeant concentration gradient. The negative sign indicates 
that the flux is in direction of decreasing concentration (Eq. 14.2).

	 J = ​ Q ___ At ​	 (14.1)

	 J = –D​ C ____ x ​	 (14.2)

The permeability coefficient (P) is given by Eq. 14.3:

	 P = ​ DK ____ h  ​ ,	 (14.3)

where K is the distribution equilibrium (distribution constant)	
and h is the membrane thickness (in m) [37, 43].

According to Kobayashi et al. [44], the functional dependence 
of D on molecular weight (MW) of the molecule can be described	
by Eq. 14.4:

Transungual Delivery
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	 D = D0(–b . MW)	 (14.4)

Here D0 represents the diffusivity of a hypothetical molecule 
having zero molecular weight and b is a constant.

Nail permeability was found to be independent of the drug 
lipophilicity according to Eq. 14.5 [44]: 

	
0

.log = log – MW,
D

P
h

 
b 

 
  where b0 = b/2.303	 (14.5)

As human nails are not always available for studies, it is 
important to establish a viable in vitro model. Animal hooves 
have been used as a human nail model in the last decades. There 
are reports of bovine, porcine, and equine hoof use [35]. Saner 
et al. [35] described the relationship between permeability 
coefficients through human nail plates and hoof membranes can 
be portrayed by Eq. 14.6:

	 log PN = 3.723 + 1.751 log PH,	 (14.6)

where PN is the human nail plate permeability coefficient and 
PH is the permeability coefficient through bovine hoof membrane 
obtained experimentally. Recently researchers have used 
keratin films made from human hair as a model for human 
nails [36, 45, 46]. Other models used to study nail permeability 
include wax blocks, nail clippings, cadaver nail plates and excised 
cadaver toes [37].

14.4  Onychomycosis Topical Therapy

There are several therapeutic options to treat this nail fungal 
infection: oral, topical, and combined therapy [5, 10, 15, 27, 29, 
47–51]. Adhesive patches have been also studied but displayed 
very low drug permeation. Thus, these pharmaceutical forms 
have a low representativity in the market [52].

Despite being more effective, oral therapy presents several 
risks for patients, including adverse reactions and possible drug 
interactions [10, 53–57]. This is especially relevant in the elderly 
(the most affected age group) who are polymedicated, and 
therefore, more susceptible to these reactions [10, 12]. Thus, 
it would be expected a higher investment on topical therapy. 
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Currently, most common topical formulations present a low 
drug deliver to the infection site mainly due to the nail plate 
characteristics, and the cure rate is lower than oral and combined 
therapy. Topical formulations are also bothersome to apply if 
there are several affected nails, reducing patient compliance [58, 
59]. Nonetheless, there are several topical formulations available 
in the market used in monotherapy or in combined therapy. 
Firstly, it will be reviewed different drug delivery enhancers, 
antifungal drugs, and finally, several pharmaceutical forms used in 
topical treatment of onychomycosis.

14.4.1  Drug Delivery Enhancers

The nail plate is a great barrier to drug permeation, as stated 
before. Thus, it is important to enhance the permeation to 
guarantee effective drug delivery.

There are several physical enhancement methods such as 
nail plate abrasion, etching of the nail surface with acid, ablation 
of the nail with pulsed lasers, microporation of the nail plate, 
application of low frequency ultrasound and electric current 
through the nail [38]. Although these methods are effective, 
reduce patient compliance and need the presence of a specialized 
technician to perform them.

Chemical enhancement of ungual drug delivery can be 
also useful. This type of enhancement is cheaper, easier to apply, 
and can be performed by the patient before or concomitantly 
with drug application. It focuses on breaking chemical and 
physical bonds that maintain the integrity of the nail plate 
keratin. Targets for ungual chemical penetration enhancers are 
disulfide, peptide, hydrogen, and polar bonds. Chemical enhancers 
are classified according to the targeted bond and respective 
mechanism [40].

The nail plate is cohesive due to S-S bonds, and these are great 
targets for enhancers. Enhancers targeting this bond will reduce 
the disulfide linkage, engaging in nucleophilic attacks as follows:

	 Nail-S-S-Nail + 2 R-SH    2Nail-SH + R-S-S-R

In this way, enhancers with thiol or ammonia groups with lone 
pairs of electrons will offer advantage in breaking keratin bonding 
[43].

Onychomycosis Topical Therapy
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14.4.1.1  Disulfide bond cleaving by reducing agents

14.4.1.1.1  Thiols

Thiols are compounds containing sulfhydryl groups (–SH groups) 
that reduce the disulfide linkage in the keratin matrix of the nail 
[60]. Examples of thiols used as permeation enhancers include N-
acetylcysteine, mercaptoethanol, N-(2-mercaptopropionyl) glycine 
(MPG), pyrithione and thioglycolic acid (TGA). Once disulfide bonds 
are cleaved, they are unlikely to be reformed; thus this alteration is 
permanent.

14.4.1.1.2  Sulfites

Sodium sulfite is known to cleave disulfide bonds when incubated 
with proteins and peptides, producing thiols and thiosulfates. 
It was then found to enhance transungual permeation on both 
pretreatment and co-application [61].

14.4.1.2  Disulfide bond cleaving by oxidizing agents

In this category of enhancers, hydrogen peroxide has been used 
alone or in combination with urea, as urea hydrogen peroxide 
(UHP). Pretreatment of nails with hydrogen peroxide has shown 
to increase mannitol permeation 3-fold [62]. MedNail® technology 
consists of pretreating nail with reducing agent TGA, followed 
by this oxidizing agent UHP. Treatment with this technology 
increased terbinafine drug flux 18-fold [63].

14.4.1.3  Enhancement by solvents

14.4.1.3.1  Water

The effect of water is recognized in literature as an important 
enhancer. As nail hydration increases permeability by a 
mechanism that is thought to be related to swelling and formation 
of larger pores through the keratin matrix, water content in 
formulations becomes important to guarantee maximum drug 
ungual flux. Gunt et al. [64] reported a several fold increase 
related to nail hydration. Kobayashi et al. [44] also reported the 
enhancement of nail permeation by nail hydration. Not with 
standing, in some cases nail hydration caused by formulation does 
not seem to improve ungual permeation [38].
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14.4.1.3.2  DMSO

DMSO is a transdermal enhancer that interacts with the lipid 
domains of the stratum corneum, increasing fluidity and promoting 
partitioning of drugs into the skin. Stüttgen and Bauer [65] 
reported that DMSO has enhanced the delivery of econazole. 
However, DMSO has irritating properties at high concentrations. 

14.4.1.4  Keratolytic agents

Keratolytic agents disrupt the tertiary structure and hydrogen 
bonds present in the keratin matrix, “unfolding” keratin and 
allowing larger molecules to pass through the nail pores [63].

Urea and salicylic acid soften and hydrate the nail plate, 
enhancing drug permeation. This type of agents weaken and 
damage the nail plate [38]. Nevertheless, urea cannot induce 
enhanced flux on its own, but it rather acts by synergizing with 
other enhancers to increase permeability. For example, urea 
combined with N-acetylcysteine increased the ungual concentration 
of itraconazole by 94-, 20-, and 49-fold compared with control 
(no enhancer), only urea and only N-acetylcysteine, respectively 
[38]. It was also reported an increase in permeation for the 
concomitant use of urea and MPG. This synergy may be explained 
by easier access of other permeation enhancers during the keratin 
unfolding by urea.

Urea has also been used to chemically avulse diseased nail 
at higher concentrations around 40% [66, 67]. It has also been 
included in nail lacquers [68].

14.4.1.5  Enzymes

Keratinolytic enzymes hydrolyze the keratin matrix of the nail 
plate, altering its barrier properties and facilitating permeation. 
Studies have shown that keratinase enzyme markedly enhances 
nail permeation [61]. This enzyme affects the surface of human 
nail, causing corneocytes to detach and lift off the plate corroding 
the surface.

Papain is an endopeptidase containing a highly reactive 
sulfhydryl group, and has shown promising results as a transungual 
enhancer [35].

Onychomycosis Topical Therapy
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14.4.1.6  Other enhancers

2-n-nonyl-1,3-dioxolane (SEPA®), a skin penetration enhancer, 
has been reported by Hui et al. [69] to increase the ungual 
permeation of econazole. These findings suggest that adding 
SEPA® to an econazole lacquer can increase drug permeation up 
to six times, exceeding the MIC necessary to inhibit fungal growth.

Some formulations contain etching agents which are 
surface modifiers used to disrupt the dorsal surface of the nail to 
enhance permeation and promote adhesion of films. Phosphoric 
acid and tartaric acid are two etching agents commonly used as 
enhancers of transungual permeation [63]. Polyethylene glycols 
and hydrophobins are other two types of permeation enhancers 
[70, 71]. Curiously, methanol has also shown some advantages 
in drug permeation [63].

Table 14.1 overviews the most referenced transungual 
permeation enhancers. 

Table 14.1	 Chemical enhancers used for ungual permeation. (structure 
of enhancers modified from [38])

Enhancer Structure
Increase in ungual 
permeation

Experiment setup; 
permeant (Ref.)

Thiols/mercaptans

N-Acetylcysteine 
(5%) O NH

HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








49× increase in nail 
drug content

Nails immersed 
in drug solution; 
Itraconazole

N-Acetylcysteine 
(15%)

2× increase in mean 
drug uptake, but not 
statistically significant.
Mean residence time 
in nail plate increased 
from 4.2 weeks to 5.5 
weeks

Drug was applied 
twice daily on nail 
plates of humans 
for 6 weeks; 
Oxiconazole

N-Acetylcysteine 
(3%)

13× increase in flux 
from an aqueous 
formulation; 
7× increase from 
lipidic formulation

Diffusion cells; 
5 fluoruracilo

N-Acetylcysteine 
(3%)

Drug measurable in 
presence but not in 
absence of enhancer

Diffusion cells; 
tolnaftate
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Enhancer Structure
Increase in ungual 
permeation

Experiment setup; 
permeant (Ref.)

Mercaptoethanol

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








16× increase in 
flux from an 
aqueous formulation; 
8× increase in 
flux from lipidic 
formulation

Diffusion cells; 
5 fluoruracilo

Drug measurable in 
presence but not in 
absence of enhancer

Diffusion cells; 
tolnaftate

Thioglycolic acid 
(TGA)

OHHS
O 3.8× increase 

in flux
Diffusion cells; 
caffeine

Thioglycolic acid 
(TGA)

2× increase 
in mannitol 
concentration in 
receptor medium

Diffusion cells; 
mannitol

Cysteine

 

1.7× increase 
in mannitol 
concentration in 
receptor medium

Diffusion cells; 
mannitol

MPG (N-(2-
mercaptopropionyl) 
glycine)

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








2.5× increase 
in flux

Diffusion cells; 
water

Keratolytic agents

Hydrogen peroxide

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








3.2× increase 
in mannitol 
concentration in 
receptor medium

Diffusion cells; 
mannitol

Urea hydrogen 
peroxide

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








18× increase 
in flux

Diffusion cells; 
terbinafine

Urea

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








— Human nail; 
Fluconazole [68]

Salicylic acid

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N







— [72]

Sulfites

Sodium sulfite

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








2× increase in 
permeation 
through nail clipping

Diffusion cells; 5.6-
carboxyfluorescein
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Enhancer Structure
Increase in ungual 
permeation

Experiment setup; 
permeant (Ref.)

Enzymes/proteins

Keratinase 2.3× increase in flux Diffusion cells; 
metformin [61]

Hydrophobins Up to 3.5× 
enhancement

Diffusion cells; 
terbinafine [70]

Etching agents

Phosphoric acid

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








Increase in nail 
roughness score

Human nail [73]

Tartaric acid

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH
S

O O
NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








Increase in nail 
roughness score

Human nail [73]

Other

Pyrithione

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N






 Up to 2.5 × increase 
in flux

Diffusion cells; 
water [60]

2-n-Nonyl-1,3-
dioxolane (SEPA®)

O NH
HO

O SH

SH
HO

H H
O O

H H
O O

O
C

H2N NH2

O
C

H2N NH2

O

OHOH

S
O O

NH+

2

P

O

OO
H

H

HO

O
H3C

SH

OH

O
N
H

O

OH
OHO

OH

HO

O

O

Zn2+

ON

S

S

O N








7× increase in 
concentration, 
1.3 × increase in 
deeper layer flux

Diffusion cell; 
econazole [69]

14.4.2  Examples of Antifungal Drugs

Table 14.2 represents several antifungal drugs and their main 
physicochemical characteristics that affect the transungual 
permeation. It should be noted that permeation coefficient and 
flux values were not included as reported in the literature 
considering that there are different methods and protocols to 
determine them [37]. Since these coefficients are dependent on 
many factors, it is more appropriate to understand their values 
in the literature context.

The capability of inhibiting fungal proliferation is usually 
measured by assessing the MIC (minimum inhibitory 
concentration) of the drug [74, 75]. MIC values for antifungal 
drugs are summarized in Table 14.3. Although these values 
do not take into account some characteristics (keratin binding, 
pH influence), they can serve as guidance [37].

Table 14.1	 (Continued)
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14.4.3  Examples of Topical Pharmaceutical Forms

Antifungal drugs are formulated in several topical pharmaceutical 
forms, such as creams, solutions, gels and lacquers (Table 14.4).

14.4.3.1  Cream

Creams are semi-solid topical preparations used for delivery of 
one or more active substances, or for their emollient or protective 
action. The base may consist of natural or synthetic substances, 
being a multiphase preparation with lipophilic and aqueous 
phases. Lipophilic creams have the lipophilic phase as the 
continuous one, containing water-in-oil emulsifying agents at 
higher percentage. The opposite is observed in hydrophilic 
creams. Creams may also contain other suitable excipients, such 
as preservatives, antioxidants, stabilizers, emulsifiers, thickeners, 
and penetration enhancers [99–101].

As reported by Tietz et al. [67], a 1% bifonazole cream used 
after nail ablation by 40% urea paste (Canespor®, Canespro®) 
was effective in the treatment of onychomycosis. Bifonazole is 
an imidazole antifungal drug, acting by blocking the conversion 
of 24-methylendihydrolanosterol to desmethylsterol in fungi 
as well as inhibiting HMG-CoA (3-hydroxy-3-methylglutaryl-
coenzyme A) and compromising the cell membrane. It is active 
against most dermatophytes, some non-dermatophytes, and 
molds. This bifonazole cream also contained benzylic alcohol, 
cetostearyl alcohol, cetyl palmitate, octyldodecanol, polysorbate 
60, sorbitan monostearate, and purified water [102]. The urea 
paste was applied daily with an impermeable bandage until the 
ablation of the nail was achieved, and then 1% bifonazole cream 
was applied once daily for 4 weeks. At the end, 33.6% of 
patients were cured [55, 66, 67, 79, 88–90].

Lahfa et al. [66] studied the efficacy of using bifonazole 
and urea in the same formulation (Amycor Onychoset®).

Other cream formulations in the European market include 
Selergo®, Loprox®, Ertaczo®, Avage®, Mycoster®, Locetar® and 
Fougera® [35, 88, 89].

14.4.3.2  Solution

Topical solutions are liquid preparations used for the delivery 
of one or more active substances that are solubilized in a 
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suitable vehicle. These formulations are transparent and 
free of visible particles. They may also contain preservatives, 
antioxidants, stabilizers, and buffers [99–101].

Solutions have some advantages compared to other topical 
formulations [41, 42, 103]. As a liquid solution, the formula can 
be applied to the stratum corneum and subungual space as well 
as on the nail plate surface, and it does not require the patient 
to posteriorly remove the film as necessary for a nail lacquer [103].

In the US market [42, 96, 104–107], a 10% efinaconazole 
solution has been recently available. This formulation contains 
100 mg of efinaconazole per gram and its inactive ingredients 
are alcohol, anhydrous citric acid, butylated hydroxytoluene, 
C12-15 alkyl lactate (co-solvent), cyclomethicone (wetting agent), 
diisopropyl adipate (co-solvent), disodium edentate, and purified 
water. This formulation should be applied once daily for 48 
weeks. Overall cure rates were reported on 15–18% of patients, 
mycological cure rates being between 53% and 56% of patients 
studied. Efinaconazole acts by inhibiting the conversion of 
lanosterol to ergosterol in the ergosterol synthesis pathway. 
It possesses a broad spectrum of activity against dermatophytes, 
non-dermatophytes, and yeasts [16, 23, 37, 77, 80, 83, 87, 
108, 109].

5% Tavaborole solution (Kerydin®) is also available in the 
US market, and it contains ethanol USP, propylene glycol USP, 
and edetate calcium disodium USP [41, 77]. This solution should 
be applied once daily for 48 weeks. In conducted clinical trials, 
31–36% mycological cure and 6.5–9.5% complete cure was 
achieved in patients treated with this drug. It shows activity 
against yeasts, molds, dermatophytes, and filamentous fungi. 
It was specially developed for onychomycosis treatment [96, 97]. 

There is a 28% tioconazole topical solution in the European 
market (Trosyd®, Trosyl®) formulated with undecylenic acid 
and ethyl acetate [110]. It is applied daily for 3–12 months. The 
average overall cure rate is 22%. Nowadays, its use is in decline 
as other more effective antifungal drugs appear in the market [83].

Naumann et al. [111] describe several formulations, including 
a topical solution for the use of EV-086K, a new antifungal with 
a high lipophilicity which is not beneficial to transungual 
delivery [111]. This solution was formulated by dissolving 5.7% 
of EV-086K in 30% ethanol and 63.75% water, besides the 
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presence of Transcutol® P as solubilizer, 0.05% each of citric 
acid and sodium phosphatemonobasic for pH adjustment and 
0.1% of BHA (butylated hydroxytoluene) and EDTA for chemical 
stability. The study showed that this formulation provided 
high permeability at the beginning of the penetration process 
(test in equine hoof), but the maximum drug concentration 
stabilized at 35% in the acceptor phase after 24 h. These 
results were not significant compared to other formulations.

Other topical solutions available in the market are 
Canespor®, Mycoster®, and Lamisil® among others [88].

14.4.3.3  Gel

Gels are formed by suitable gelling agents and can be classified 
as lipophilic gels or hydrophilic gels. Lipophilic gels (oleogels) 
usually consist of liquid paraffin with polyethylene or fatty 
oils gelled with colloidal silica, aluminum, or zinc soaps. 
Hydrogels (hydrophilic gels) are prepared with water, glycerol, or 
propylene glycol gelled with gelling agents such as starch, cellulose 
derivatives, carbomers, and magnesium–aluminum silicates [100].

Although there are some gel formulations in the market 
(e.g., Lamisil®, a terbinafine formulation), they are mostly used 
for skin fungal infections instead of onychomycosis.

Along with the cream formulation previously mentioned, 
Naumann et al. [111] also studied a gel formulation for EV-086K 
delivery. Hydroxyethyl cellulose (HEC) gel was formulated with 
the following excipients: 10% of EV-086K, 1.5% glycerol, 1% 
Tylose H 30.000 P2 PHA (HEC) and 87.5% water. Among other 
tested formulations, the hydrogel had less promising results in 
equine and bovine hoof penetration test (only 22% and 15% 
of applied dose was recovered, respectively), and thus it was 
not evaluated in the human nail.

Kerai et al. [53] have recently investigated the use of 
UV-curable gels (currently used in cosmetics) for the treatment 
of onychomycosis. The formulated gels contained diurethane 
dimethacrylate, ethyl methacrylate, 2-hydroxy-2-methylpropiophe-
none, an antifungal drug (amorolfine HCl or terbinafine HCl) and 
an organic liquid (ethanol or NMP) as drug solvent. Amorolfine 
was released at a greater extent than terbinafine, and even 
not reaching concentrations as high as the comparative nail 
lacquer, the concentrations were well above the MIC for T. rubrum, 

Onychomycosis Topical Therapy



528 Topical Formulations for Onychomycosis

the main pathogen for onychomycosis. In addition, cured gel 
formulation could maintain the drug release for longer periods, 
being a promising candidate for future onychomycosis treatment.

14.4.3.4  Nail lacquer

Nail lacquers have been used for a long time in cosmetics, with 
both protective and decorative purposes. In the 1990s, nail lacquers 
started being used to administer drugs to the nail unit. Nail 
lacquers are solutions of film-forming polymers, which leave 
a polymer film on the nail plate after solvent evaporation. This 
polymer film can be water resistant or water soluble and acts 
as a drug reservoir, allowing it to permeate through the nail 
plate. Depending on the formulation and drug, the lacquer can be 
removed either mechanically or with organic solvents after a 
certain time, and it should be reapplied to reestablish the drug 
pool. Thus, the duration of the film residence in the nail constitutes 
an important property of a lacquer formulation [112]. Although 
these formulations are commonly applied with a brush, there are 
also other types of applicators such as spatulas and sponge tips.

Being occlusive and adhesive to the nail, nail lacquers’ films 
have advantages regarding nail hydration, permanence on the 
nail plate and patient compliance (when compared to creams, 
gels and solutions).

These preparations usually contain the intended drug, a 
polymer, a volatile solvent, and suspension agents [56, 91, 113]. 

The drug should present the following properties: (a) low 
MIC for pathogens causing the disease (dermatophytes, yeasts, 
etc.), being effective at low concentrations; (b) low molecular 
weight and volume to better permeate through the keratin matrix 
pores; (c) water soluble, since water easily permeates through 
the matrix vehiculating the drug; and (d) affordable and easily 
obtainable, so that the nail lacquer can be easily produced and 
obtained by patients [61].

The polymer choice can also influence the nail lacquer quality. 
Hydrophilic polymers have advantages regarding permeation 
and adhesion to the nail plate, having a soft, flexible, and matte 
finish, which can improve patient compliance. However, these 
polymers allow more drug loss and are less occlusive. Hydrophobic 
polymers have a more durable, harder, and glossier finish. This 
contributes for a more occlusive lacquer, which can compromise 
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the cumulative amount of permeated drug. Employing both types 
of polymers seems to be a good approach, since it will combine 
both good permeation characteristics and higher resistance to 
environmental drug loss [114].

Effective formulations usually include permeation enhancers 
such as thiols/mercaptans, keratolytic agents, keratinases, etc. 
Other excipients can be also important to allow better permeation 
conditions, including hydration, pH, and solubility. This can be 
achieved by using plasticizers, humectants, solvents, solubilizers, 
etc. [115].

Colorless and non-glossy medicated nail lacquers are more 
acceptable by male patients [39]. Despite male patient compliance, 
it could be considered advantageous for female patients to 
formulate a colored medicated nail lacquer for the treatment of 
onychomycosis, since this disease alters the normal appearance of 
the nail.

After screening for the most suitable formulation components, 
it is important to check their compatibility and progressively 
adjust the quantities through pre-formulation studies.

There are several parameters to be evaluated in nail lacquer 
formulations to assess a higher quality, such as drug content, 
drug permeation studies (permeation coefficient, flow, cumulative 
amount of permeated drug); gloss; flow; film adhesivity; 
viscosity; pH; drying time; non-volatile content, etc. According 
to this quality control, nail lacquers must present the following 
properties: (a) be physically and chemically stable; (b) release 
therapeutic levels of drug onto the nail; (c) have a suitable 
viscosity to freely flow into all the edges and grooves of the nail 
for easy application; (d) dry quickly (3–5 min) and form an even 
film once applied; (e) adhere to the nail plate to not come off 
or flake during daily activities, but at the same time, be easily 
removed with an enamel remover, and (f) be cosmetically 
pleasant and well tolerated [38].

14.4.4  Nail Lacquer Formulations for Onychomycosis 
Treatment

Several examples of nail lacquer formulations for onychomycosis 
treatment are presented in Table 14.5. However, only nail lacquers 
containing amorolfine and ciclopirox are currently commercialized 
[39].

Onychomycosis Topical Therapy
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Amorolfine is a morpholine antifungal agent approved 
for the treatment of onychomycosis in 1981 [116]. It is usually 
presented as a nail lacquer containing 5% amorolfine. This active 
substance inhibits delta14 reductase and delta7-delta8 isomerase, 
causing ergosterol depletion and ignosterol accumulation in 
the cytoplasmatic membrane of the fungus cell. Amorolfine is 
effective against dermatophytes (Trichophyton spp., Microsporum 
spp., Epidermophyton spp.), yeasts (Candida spp., Cryptococcus 
spp., Malassezia spp.) and some molds (Alternaria spp., 
Hendersonula spp., Scopulariopsis spp.). Amorolfine can be present 
in the nail up to 27% from the nail lacquer formulation after 
2 weeks treatment, being this concentration enough to inhibit 
most fungi. This formulation should be applied once or twice 
weekly for 6 months. Studies report mycological cures in 52– 
60% of the patients, and complete cures (both clinical and 
mycological) up to 44% of patients [54, 77]. Even after apparent 
cure, some authors recommend the use of amorolfine as 
prophylaxis [117]. Amorolfine is available in Europe (e.g., 
Loceryl®, Locetar®, Curanail®), but not in the USA [77, 89–91, 118].

Ciclopiroxolamine (ciclopirox) belongs to the group of 
hydroxyl-pyridone derivatives, and it has been used as a nail 
lacquer to treat onychomycosis since 1990. It exerts its 
antifungal activity by chelating trivalent cations, like Fe3+ and Al3+, 
compromising fungal metal-dependent enzymes and reducing the 
fungus nutrient intake. Ciclopirox is active against dermatophytes 
(Trichophyton spp., Microsporum spp., Epidermophyton floccosum), 
yeasts (Candida spp., Malassezia furfur, Cryptococcus neoformans, 
Saccharomyces cerevisiae), molds (Aspergillus spp., Scopulariopsis 
brevicaulis, Fusarium solani) and some bacteria, which is 
advantageous in cases of mixed infection. It is also reported to 
have some anti-inflammatory activity by inhibiting the local 
production of prostaglandins and leukotrienes. The nail lacquer 
available in the market has a concentration of 8% ciclopirox, 
which increases to 35% after application and evaporation of 
the volatile solvents. Studies show that it is able to exceed MIC 
for the three main onychomycosis pathogens—T. rubrum, 
T. mentagrophytes and Candida albicans. Common posology is 
once daily application for 6–12 months over the clean nail plate 
and slightly over the surrounding skin. However, there are trials 
stating that once weekly application is effective. Clinical trials 
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have reported complete cure in 29–36% of patients. Ciclopirox 
is available in both Europe and the USA: Mycoster®, Niogermos®, 
Batrafen®, Kitonail®, Onytec®, Stieprox®, Loprox®, Penlac®, 
Ciclopoli®, and RejuveNail® [77, 83, 88–94].

Besides these main drugs, others have been recently studied 
as well as specific excipients as follows.

Monti et al. [119] purposed to evaluate the water-soluble 
film-forming agent hydroxypropyl chitosan (HPCH) included in 
an experimental nail lacquer (P-3051) containing ciclopirox. 
HPCH is a water-soluble derivative of chitosan. Chitosans are 
polysaccharides derived from chitin and natural components of 
the exoskeleton of crustaceans being widely employed in medicine 
for their wound healing, bacteriostatic, skin moisturizing, and 
protecting properties. In particular, HPCH was chosen considering 
its favorable properties, such as high water solubility; high 
plasticity; affinity to keratin; wound-healing activity; high 
compatibility with human tissues, etc. P-3051 was composed 
of 1% HPCH, 1% cetostearyl alcohol, 73% ethyl alcohol (95°), 
4% ethyl acetate and 13% purified water. This formulation was 
compared with a commercial brand (Penlac™) constituted by 8% 
ciclopirox, ethyl acetate, isopropyl alcohol, butyl monoester of 
poly(methylvinyl ether/maleic acid) in isopropyl alcohol. Bovine 
hoof membranes were used as the human nail plate model. Drug 
concentrations were determined by HPLC (high performance 
liquid chromatography). Regarding lag times, the respective 
values obtained were 3.36 ± 0.46 h for P-3051 vs. 12.48 ± 1.31 for 
Penlac™. The percentage of permeated drug (Q%30h) was 
also significantly different for the two formulations: 2.58% for 
P-3051 vs. 1.06% for Penlac™. In fact, a faster drug penetration 
time might allow the drug to permeate the nail before the hydro 
soluble film is degraded. Greater efficiency of P-3051 could be 
attributed to a particular affinity of HPCH to the nail matrix, 
resulting in an intimate contact and strong adhesion of the 
lacquer to keratin substrate [119].

An in vitro study [125] with the formulation previously 
developed by Monti et al [119] reported an achievement of 13% 
complete cure rate, which was quite low. It was concluded that 
ciclopirox formulated in the new hydrolacquer technology is 
more active and better tolerated than the reference ciclopirox 
nail lacquer for the long-term treatment of onychomycosis. 

Onychomycosis Topical Therapy
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In addition, it is much easier to apply without needing any 
bothersome removal procedures [125].

In 2009, Monti et al. compared the transungual permeation 
of ciclopirox with amorolfine vehiculated in the same 
hydroxypropyl chitosan-based lacquer and in a water-insoluble 
reference (Loceryl® containing Eudragit® RL100, triacetine, 
butyl acetate, ethyl acetate, ethyl alcohol and drug). The study 
was performed on bovine hoof slices and drug concentration was 
determined by HPLC. Amorolfine experimental lacquer showed 
higher permeation than the commercial water-insoluble option. 
In addition, ciclopirox lacquers showed a better performance 
than amorolfine lacquers [114].

Later in 2012, a clinical trial with these formulations was 
conducted [56]. The results supported in vitro data except from 
day 15 to day 25 in which the nail concentration of these drugs 
decreased. The authors hypothesized that the steady state had 
not been reached yet. Moreover, in vitro studies do not take 
into account all the environmental interactions that occur under 
in vivo conditions where both fingers and toenails are constantly 
exposed to tissues, liquids and blood circulation, resulting in 
some drug loss. This may be a disadvantage for water soluble 
formulations since the contact with water can lead to a loss of 
medication; however, it can be countered by a more frequent 
application [56]. 

A ketoconazole nail lacquer for onychomycosis treatment 
was also described by Kiran et al. in 2010 [122]. The studied 
formulations contained ketoconazole, propylene glycol, glycerin, 
ethanol, polyethylene glycol 400, thioglycolic acid and urea 
solution in H2O2. Several factors were evaluated including non-
volatile content, drying time, smoothness of flow, gloss, and 
permeation studies in human nail plates. Urea hydrogen peroxide 
enhanced hydration state and thioglycolic acid cleaved keratin 
bonds, allowing better penetration results, which could be 
promising upon formulation optimization [122].

In 2011, a novel lacquer formulation for the transungual 
delivery of ketoconazole was reported by Hafeez et al. The 
vehicle used had an anhydrous/alcohol composition with a dual 
acrylate-silicone hybrid copolymer system that offered film-
forming and occlusion properties due to synergistic plasticizing 
components [123]. It contained ethanol, polysilicone-8, panthenol, 
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acrylates copolymer, tocopheryl acetate, phytantriol, butylene 
glycol, benzophenone-3, calcium chloride and fragrance, as well 
as radiolabeled [1-14C]-Ketoconazole. This test formulation 
was compared with a commercial ketoconazole cream. The 
study was conducted on human nails placed in a diffusion cell 
simulating physiological conditions. The formulations were then 
administered once daily for 7 days. Sampling was made by drilling 
and radioactivity was measured from the samples obtained. 
Following the 7-day exposure, the ketoconazole content measured 
in the ventral/intermediate layers was 0.81 ± 0.39 µg/mg or 
535 ± 260 µg/cm3 for the lacquer formulation and 0.09 ± 
0.05 µg/mg or 53 ± 29 µg/cm3 for the control formulation. 
The drug concentration attained in the nail was approximately 
2140 times higher than the MIC for common dermatophytes, 
exceeding the MIC for most common onychomycosis pathogens. 
According to these results, this lacquer formulation can be a 
potential effective topical treatment for onychomycosis [123].

Hui et al. [69] assessed the enhancing properties of 
2-n-nonyl-1,3-dioxolane in a lacquer formulation (EcoNail™) 
to increase the permeation of econazole. The test formulation 
contained 5% (w/w) econazole, Eudragit® RL/PO, ethanol and 
18% (w/w) 2-n-nonyl-1,3-dioxolane. The assay was performed 
on healthy human nail plates collected from cadavers and using 
a diffusion cell. An aliquot of all tested formulations was applied 
on the nails twice daily for 14 days, washing the nail plates between 
applications. After incubation, nail samples were obtained with 
a drill and radioactivity of labeled compounds was measured. 
The concentration and flux of econazole into the deep layer of 
human nail in the test group was about 6.3-fold and 7.5-fold higher 
than the control group, respectively. Econazole concentration 
was about 15,000 times the MIC for most dermatophytes 
species and 150 times that for most molds. On the contrary, 
dioxolane did not penetrate to deeper layers of the nail. These 
authors hypothesized that besides facilitating diffusion of the 
drug, dioxolane also functioned as an adhesion promoter and 
plasticizer for the film-forming polymer, softening the Eudragit 
film in the lacquer. These results suggest that 2-n-nonyl-1,3-
dioxolane-enhanced econazole lacquer has the potential to be 
an effective topical treatment for onychomycosis [69].

Onychomycosis Topical Therapy
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The same author performed another study [78] and reported 
the nail penetration of tavaborole (AN2690) from different 
vehicles and compared with ciclopirox. Four formulations, all 
containing 10% (w/w) AN2690 were compared for their ability 
to deliver AN2690 to the deep layers of the nail plate and into 
the nail bed. The composition (w/w) of these different vehicles 
was: formulation A: 70% ethanol and 20% poly (vinyl methyl 
ether alt maleic acid monobutylester), a polymer that forms 
a water-insoluble film, very durable and resistant to damage; 
formulation B: 56% ethanol, 14% water, 15% poly (2-hydroxyethyl 
methacrylate) and 5% dibutyl sebacate, forming a water soluble 
film; formulation C: 55% ethanol, 15% ethyl acetate, 15% 
poly (vinylacetate) and 5% dibutyl sebacate, forming a water-
insoluble film that can be removed by peeling or scratching the 
surface; formulation D: 20% propylene glycol and 70% ethanol 
(only solvents). Aliquots of those formulations were applied 
on human nail plates once daily for 14 days. The ventral/ 
intermediate nail samples were collected at the end of the 14th 
day dose period, stored at 4°C and analyzed for drug by 
LC/MS/MS. Considering that any formulation showed a clear 
advantage over the others, the simplest formulation (D) was 
chosen for further development [78].

Baran et al. [68] evaluated the efficacy of a fluconazole-urea 
nail lacquer in onychomycosis treatment of 13 patients. The 
lacquer was composed of 1% fluconazole, 20% urea, polyvi-
nylpyrrolidone k25, glycerol triacetate, docusate sodium, ethanol, 
and demineralized water. After 12–18 months treatment, about 
90% of patients had positive results regarding clinical and 
mycological cure [68]. 

A terbinafine bilayered nail lacquer for onychomycosis 
was developed by Shivakumar et al. in 2010. Since aqueous-based 
nail lacquers promote nail hydration and drug diffusion through 
the nail but lack durability, the authors studied an underlying 
drug-loaded hydrophilic lacquer with an overlying water resistant 
film. The hydrophilic nail lacquer was composed of 5% (w/v) 
terbinafine, 6% (w/v) HPMC E-15 (water soluble polymer), 
10% (v/v) PEG 400 (penetration enhancer, plasticizer and 
humectant), 60% (v/v) ethanol and qs 100% purified water. 
Formulation controls as a hydrophilic nail lacquer of HPMC 
E-15 containing terbinafine but devoid of PEG 400 and a drug 
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free “placebo” hydrophilic lacquer of HPMCE-15 containing PEG 
400 were similarly prepared for comparison. Briefly, terbinafine 
was dissolved in a mixture of water and ethanol (pH 3.0) by a bath 
sonicator. HPMC E-15 was soaked overnight in the hydroalcoholic 
mixture (pH 3.0) and sonicated to ensure complete polymer 
dissolution. The two hydroalcoholic solutions were mixed and 
stirred to obtain a clear homogeneous solution to which PEG 
400 was added. The hydrophobic nail lacquer was prepared by 
dissolving poly (4-vinyl phenol) in ethyl acetate at 10% (w/v). 
Dibutyl phthalate was used as a plasticizer in the lacquer at 
4% (v/v). The pH, viscosity and drying time of the hydrophilic 
nail lacquers was found to be around 4.0, 500 cps, and 300±75 s, 
respectively. In vitro drug permeation studies were performed 
with cadaver nails. Although therapeutic concentration values 
were reached in in vitro studies, a clinical study on diseased 
patients should be performed to ascertain clear results [121]. 

Vipin et al. [124] presented in 2014 a miconazole nail 
lacquer. This formulation included a film former (nitrocellulose), 
permeation enhancers (urea in hydrogen peroxide and propylene 
glycol), a keratolytic agent (salicylic acid) and an antifungal agent 
(miconazole nitrate) in ethanol. Several formulations were tested 
regarding nonvolatile content, gloss, smoothness to flow, drug 
release (bovine hoof model), drug content (UV spectrophotometry) 
and antifungal activity. Among ten formulations, the nail lacquer 
prepared with 2% drug, 3% nitrocellulose, 0.5% ethyl cellulose, 
20% salicylic acid, 5% propylene glycol and 5% urea in H2O2 
exhibited the best results, being a promising formulation for 
the treatment of Candida albicans [124].

Naumann et al. [111] studied the controlled delivery of 
EV-086K nail lacquer through the nail plate. 5% Eudragit® 
E100, dimethylaminoethyl methacrylate, butyl methacrylate, and 
methyl methacrylate were mixed with 85% ethanol, and stirred 
until the polymer was completely dissolved. 5% EV-086K and 
5% Transcutol® P were stirred in a separate amber glass until a 
clear solution was obtained. Then, the polymer–ethanol mixture 
was added. Bovine hoof slices, equine hood slices, and human 
nails were employed for delivery studies. This nail lacquer 
penetrated into the nail at higher concentrations than other 
studied formulations. However, it did not reach the acceptor 
compartment [111].

Onychomycosis Topical Therapy
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14.4.5  Advances in Nail Formulations

14.4.5.1  Colloidal carriers

The literature reports the success of some colloidal carriers for 
onychomycosis treatment since the drug easily diffuses along the 
skin tissue to the nail bed. Therefore, application to the skin 
surrounding the nail could be an effective area to treat for 
onychomycosis [126–128].

Colloidal carriers or colloidal drug delivery systems (CDDS) 
are particulate or vesicular dosage forms, having a size range 
from 1 nm to 0.5 μm (Fig. 14.4). They are essential for successful 
drug transport and delivery by protecting and maintaining the 
loaded drug until the site of action is reached.

Colloidal
carriers

Lipid based
carriers

Vesicular

Ethosome

Liposome

Niosome

Transfersome

Particulate

SLN

NLC

Liposphere

Emulsion

Microemulsion
/Nanoemulsion

Multiple
emulsion

Polymer based
carriers

Self assembled

Dendrimer

Micelle

Hydrogel

Particulate

Nanosphere

Microsphere

Capsular

Nanocapsule

Microcapsule

Figure 14.4	 Colloidal carriers for drug delivery. Adapted from [126].

Along with gel and solution formulations, Naumann also 
studied a colloidal carrier formulation for the delivery of 
EV-086K, containing water, propylene glycol, emulsifiers (Tagat® 

O2V and Synperonic™PE/L 101) and an oil component (Pelemol® 
BIP). This colloidal carrier system contributed to recover 7.25 ± 
0.30% drug from the nail slices. These results were comparable 
to those obtained with tested solution and nail lacquer [111].



539

Nogueiras-Nieto et al. [120] developed in 2013 an aqueous 
nail lacquer based on polypseudorotaxanes of Pluronic® F-127 and 
ciclopirox complexed with partially methylated b-cyclodextrin 
(mb-CD). The obtainment of in situ gelling thermosensitive 
hydrogels was due to the presence of the poloxamer Pluronic 
®F127 (PF127), which facilitated drug solubilization via micelle 
creation forming a gel upon nail application. Partially mb-CD was 
also added to further improve drug solubilization. In addition, a 
penetration enhancer (N-acetyl-l-cysteine) alone or in combination 
with urea was also added to the formulations. Ciclopirox was 
incorporated into three different vehicles–simple aqueous 
solutions, thermosensitive hydrogels and polypseudorotaxanes 
thermosensitive hydrogels. The composition of these vehicles is 
presented in Table 14.6.

Table 14.6	 Vehicles composition of ciclopirox (CPO) nail formulations

Name Solvent
AC 
(%)

PF127
(%)

Mb-CD 
(%)

CPO–N-acetylcysteine solution (CPO–AC) Water 10 — —
CPO–thermosensitive hydrogel (CPO–TH) Water 10 20 —
CPO–polypseudorotaxanes 
thermosensitive hydrogel (CPO–PPR)

Water 10 20 10

Source: Adapted from [120].

Recently Yang et al. [127] have developed a gel with 
transfersomes containing terbinafine prepared by ethanol 
injection method. The final formulation contained terbinafine, 
phospholipids, polysorbate 80, sodium cholesteryl sulfate, 
anhydrous ethanol, sodium benzoate, sodium pyrosulfate, and 
phosphate buffer (pH 5.0). After 12 h, it was obtained 88.52 ± 
4.06 mg . cm–2 and 94.38 ± 5.26 mg . cm–2 of permeated and 
penetrated drug, respectively.

Vaghasiya et al. [129] studied another formulation composed 
of solid lipid nanoparticles (SLNs) for sustained release and 
skin targeting of terbinafine for the treatment of onychomycosis. 
The terbinafine loaded SLNs formulation was composed of 
Compritol® 888 ATO as lipid matrix, Pluronic® F-127 as stabilizer 
and distilled water as dispersion medium, and prepared by 
the solvent injection technique. It was observed 40.57 ± 1.76% of 
the applied drug retained in the skin after 8 h [129].

Onychomycosis Topical Therapy
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TDT 067 (terbinafine in transfersome) is a carrier-based 
liquid spray that has been developed for the delivery of 
terbinafine to the nail bed to treat onychomycosis. A 2011 study 
demonstrated that TDT 067 had greater antifungal activity against 
onychomycosis caused by dermatophytes compared to the free 
form vehiculated in an oral formulation [130]. TDT 067 
formulation has been also tested in clinical trials [131].

There is another study with terbinafine-loaded liposomes 
formulation composed of bioadhesive polymers, pullulan and 
Eudragit®L100, and prepared by thin film hydration method. 
This formulation also showed interesting results [132].

Barot et al. [133] studied a microemulsion-based gel 
containing terbinafine, oleic acid, Labrasol, Transcutol, water 
and Carbomer 934P. This formulation was developed in order 
to be applied between the nail bed and nail plate generated by 
onycholysis. It was obtained 49.3% ± 4.12% drug retention 
in the skin, and the total amount of terbinafine permeated 
after 12 h was 244.65 ±18.43 mg . cm–2. In 2012, Barot also 
described a microemulsion based antifungal gel incorporating 
itraconazole [134].

Barot et al. [134] developed a gel microemulsion containing 
itraconazole for the topical treatment of onychomycosis. The 
microemulsion contained benzyl alcohol, isopropyl myristate, 
Pluronic F68 (surfactant), ethanol, double distilled water, and 
itraconazole. The microemulsion was incorporated in a gel by 
adding Carbomer 934P. Nail permeation enhancers like urea 
and salicylic acid were also used to increase drug penetration 
through the nail plate. The optimized formulation showed 
promising results: 92.75% drug entrapment efficacy and a 
complete drug release in 60 min with a highest nail uptake of 
0.386%/mm2 (39 mg drug) [72].

Angamuthu [135] described the study of PLGA (poly 
(lactide-co-glycolide)) microspheres for the controlled release 
of terbinafine administered by intralesion injection. These 
microspheres were developed using O/W emulsification and 
modified solvent extraction/evaporation technique with PVA, 
methylene chloride and methanol. This formulation achieved 
controlled release through 30 days and good deposition onto 
the nail bed and plate.
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Chouhan et al. [57] studied the influence of a permeation 
enhancer (hydroxypropyl-b-cyclodextrin or HP-b-CD) in a terbinafine 
nail lacquer formulation. This formulation was composed of 
cellulose acetate and ethyl cellulose as film-forming polymers, 
triethyl citrate as plasticizer, and isopropyl alcohol and acetone 
as solvents. Formulations containing this enhancer demonstrated 
a higher flux than the control formulation in in vitro studies. 
The lacquer containing 10% (w/v) HP-b-CD showed maximum 
flux of 4.586 ± 0.08 µg/mL/cm2 as compared to the control flux 
of 0.868 ± 0.06 µg/mL/cm2, demonstrating its ability to enhance 
the transungual permeation of poorly soluble drugs [57].

Another microemulsion-based gel was studied by Kumar 
et al. [136]. This gel contained fluconazole (against Aspergillus 
niger), oleic acid, polysorbate 80, propylene glycol and water. 
It exhibited an in vitro drug release of 72.23% in 7 h.

14.5  Conclusion

Onychomycosis severely affects infected patients’ quality of life. 
Although topical treatments are at the forefront of nail disorders 
therapy, most of them still have low market representativity. 
For example, there are few nail lacquers formulations available 
in the market. Notwithstanding, clinical trials are in progress for 
new formulations and many research laboratories in different 
countries (USA, Italy, Spain, Germany, UK, India, Japan) are 
investigating this issue. In fact, investigation on transungual 
drug delivery for treatment of onychomycosis is a recent field. 

Nail permeation represents the greatest obstacle for 
transungual drug delivery, and therefore, it is necessary to 
better understand and study this phenomenon to improve drug 
bioavailability in the nail matrix. If permeation factors would 
be clearly elucidated by systematic research, more rational 
formulations could be developed. Unfortunately, contradicting 
reports about how drug size, surface charge, and hydrophilicity 
affect its permeation can be found in literature, and enlighten 
is urgently needed. Chemical permeation enhancers may also 
offer many advantages and should be further investigated. Many 
enhancers currently available show only modest improvement in 
nail permeation.

Conclusion
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Many papers compare commercial products, but not 
much information is available regarding the formulation and 
physicochemical properties, possibly due to commercial reasons. 
Thus, it is complicated to follow a systematic research. In addition, 
a standardized protocol regarding several procedures should be 
established in order to obtain a clearer correlation. MIC values 
determined in aqueous media have been also used to compare 
antifungal activity in in vitro studies. However, this evaluation 
does not take into account keratin matrix, fungal nutrients and 
pH characteristics of the nail plate.

In summary, more basic research is still needed in order 
to improve and develop this interesting field, following 
standardized protocols to better evaluate and compare different 
nail formulations for treatment of onychomycosis.
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AA, see ascorbic acid
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375, 478, 481
ACTH, see adrenocorticotropic 

hormone
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adrenocorticotropic hormone 
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methoxykynuramine
aluminum starch
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amphotericin   267, 396–397, 
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and delivery
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anti-oxidants   44, 53, 67–68, 70
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408–409, 414, 481
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525, 527
antigen presenting cells (APCs)   
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antioxidant systems   239–240, 
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antioxidants   17, 27, 55,
226–231, 233–239, 241, 
243–247, 249–251, 286, 
349–350, 372, 375,
525–526

   natural   243–244, 247, 249
AP, see ascorbyl-palmitate
APCs, see antigen presenting cells
apoptosis   11, 60, 62, 65–66, 72, 

124–126, 129, 292
archaea   328–330, 334–335, 342, 

414
archaeal lipid mucosal vaccine 

adjuvant and delivery 
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archaeal lipids   328–330,
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archaeosome formulations   328, 
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benzophenones   95–97
beta-carotene   239
blood vessels   7, 9–10, 359, 388
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138
BU, see Buruli ulcer
bulk liquid crystalline gels   434
Buruli ulcer (BU)   386–389, 

393–395, 406–407, 409, 
414–415

butyl-methoxydibenzoylmethane   
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bystander eff ect   64–65

caff eine   204–205, 207, 274, 517
calcitonin gene-related peptide 

(CGRP)   10, 12, 14, 33
cancer   57, 60, 66, 93, 132, 226, 

273, 303–304, 323, 328, 
332, 483

carcinogenesis   64, 93–94

carotenoids   17, 29, 233–234, 
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cell membrane   93, 295, 324, 
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232, 525
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chemical peels   29
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chemotherapy   396
chlorins   129–131, 151–152, 154
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chromophores   21, 26, 59
ciclopirox   519, 529–530,

532–534, 536, 539
cinnamates   95–97
circadian clock   67
circadian rhythm   44, 47, 66–67
CL, see cutaneous leishmaniasis
CLSM, see confocal laser
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CMC, see critical micellar 

concentration
CO2 lasers   22–23, 31
coenzyme Q10   68, 229, 233,
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collagen   6, 8, 15–18, 20, 25, 27, 

59, 145–146, 266, 359, 400
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colloidal carriers   227, 538
   vesicular   218, 407
colloidal drug delivery systems 
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confocal laser scanning 

microscopy (CLSM)   225, 
371, 374

connective tissue   4, 6–7, 18, 359
contact dermatitis   97, 480, 483, 

508
controlled release   147–148, 194, 

206, 227, 231, 235, 250, 
361, 432, 484, 540

corticotropin-releasing hormone 
(CRH)   9, 12–13, 33

cosmeceuticals   26–27, 29, 33, 
375, 377, 464, 487

cosmetic delivery systems   74
cosmetic enhancement   144–145
cosmetics industry   198–199
CRH, see corticotropin-releasing 

hormone
critical micellar concentration 

(CMC)   191, 285
cross-link agent   266–267, 270
CTCL, see cutaneous T-cell 

lymphoma
cubic phase gel   434–435
cubic phase systems   441–442, 

447, 449
cubic phases   151, 433–434,

436, 438–439, 441–442,
444–445, 447, 449–450, 
452

cubosomes   434–435, 448
curcumin   234, 249–250, 303
cutaneous leishmaniasis (CL)   

137, 142–143, 305,
390–393, 396–399,
405–407, 409–411,
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cutaneous T-cell lymphoma 
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complexes   469

cyclodextrins   29, 231, 248, 285, 
404, 464–467, 471, 477, 
479, 481, 483, 485, 530

cyclosporine, skin penetration 
of   449

CyD complexes   474–476, 480, 
482, 484

CyDs   464–487
   biosynthesis of   465
   natural   466, 468, 474, 481

DCs, see dendritic cells
DDT, see DNA damage tolerance
dendritic cells (DCs)   7, 333, 358
deodorants   484
dermabrasion   3, 20, 29
dermal drug delivery   403, 468, 

471, 473, 475
dermal drugs   464, 474, 487
dermal ϐibroblasts   9–11, 50, 52, 

71
dermal formulations   344,

472–473, 475
dermal papillae   6–8
dermatitis, atopic   305, 480–481
dermatological diseases   

126–127, 129, 478
dermatopharmacotherapy   359
dermatophytes   142, 503–505, 

521, 526, 528, 532, 540
dermis   4–7, 12, 14–15, 20, 

25–26, 56, 130, 133, 340, 
358–359, 400–401, 405, 
407, 449, 481–482
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detergents   288, 298, 325, 327, 
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diclofenac sodium   206–207
diff erential scanning calorimetry 

(DSC)   206, 291–292, 298, 
337, 438, 466

DLS, see dynamic light scattering
DNA damage   56, 59–61, 64, 67, 

93–94, 100, 298
DNA damage tolerance (DDT)   

60, 76
DNA synthesis   53, 70, 72
drug delivery
   topical   186, 190, 205–208, 218, 

230, 241, 347, 377, 447, 
451, 453

   transungual   541
drug penetration   220, 235, 325, 

360, 394, 411, 447, 449, 
454, 475, 540

drug permeation   185, 187, 191, 
220, 367, 403, 412,
432–434, 446–451,
508–509, 513, 516

drug transungual permeation   
510

drugs
   amphiphilic   432, 443
   anticancer   397
   antileishmanial   302, 398, 409, 

415
   dermatologic   477
   encapsulated   205, 219,

221–226, 325, 341–342
   hydrophobic   185, 288, 291, 

402
   lipophilic   283, 324, 345, 443, 

472
   liposomal   342
   pentavalent antimonial   410
   skin permeation of   451
DSC, see diff erential scanning 

calorimetry

dynamic light scattering (DLS)   
105, 206, 337, 339, 370

econazole   223, 515–516, 518, 
530, 535

edge activator   282–285, 291, 
295, 301, 327, 349, 362

eϐinaconazole   519, 526
EGF, see endothelial growth

factor
elastic ϐibers   7, 15, 17, 20, 22, 

145–146
elastic liposomes   361–362, 479
encapsulation efϐiciency   204, 

207, 273–274, 289,
338–339

endocytosis   19, 295, 297, 324
endorphins   9–10, 12–13
endothelial growth factor

(EGF)   272
enkephalins   9–10, 12
entrapment efϐiciency   

205–206, 232, 239, 
247–248, 291–292,
338–339, 345, 370–372

entrapped drugs   293, 326
enzymatic stability   475–476
enzymes   15, 28, 179, 233–234, 

268, 272, 325–326, 334, 
343, 515

epidermal keratinocytes   9, 11, 
52

erbium   22–23, 25, 31, 33
ethanol   150, 266, 270, 285, 

287–289, 348–349,
363–369, 372, 377,
413–414, 438, 526–527, 
530–531, 534–537, 540

ethanolic liposomes   363
ethosomal carriers   363, 373
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ethosomal formulations   368, 
371, 373–374, 414

ethosomes   74, 150, 283,
288–289, 296, 299, 301, 
304, 306, 342, 348–349, 
357–358, 360–368,
370–378, 413–414

ethyl acetate   526, 530–531, 
533–534, 536–537

fatty acyl ester lipids   330
ϐibroblasts   8–11, 13, 15, 18, 50, 

70–71, 249, 292, 400
ϐinasteride   306, 450, 453–454
ϐlavonoids   17, 233–234, 244, 

271, 303
ϐluconazole   223, 345, 397, 517, 

519, 530, 536, 541
ϐluorescence   21, 134, 374, 447
fragrances   91, 484–485, 531, 

535
free radicals   17, 50, 52–54, 67, 

75, 93, 226, 233, 349
fungi   139, 142, 481, 506–507, 

525

gelatin   265–273, 361
gelatin nanoparticles   266–268, 

270–272, 274–275
   characterization of   275
gelatinization temperatures   

191–193
gels   32, 131, 138, 185–186, 

191–195, 197–198, 226, 
234, 237, 266, 345, 350, 
525, 527–528, 538–541

   liposomal   345

Generally Recognized as Safe 
(GRAS)   266, 297, 433

genes   54, 60, 66, 179, 323, 328, 
332–333, 374

genistein   68, 231, 246
genome   60, 62
genomic instability   60, 63–67
GHR, see growth hormone 

receptor
glucan water dikinase (GWD)   

179
glucocorticoid receptors   11, 33
glutaraldehyde   196, 266–269, 

273
glycerol   188, 192, 229, 325, 

433–434, 450, 527
glyceryl monooleate   433
glycolipids   433
GRAS, see Generally Recognized 

as Safe
growth hormone receptor (GHR)   

10, 33
GWD, see glucan water dikinase

hair follicles   7–11, 101, 142, 180, 
182, 218, 221, 225, 294, 
359, 400, 402, 404, 472, 477

healing process   24–25, 193
hexagonal phases   432, 435–444, 

447–449, 451–453
hexosomes   434–435, 448
high-performance liquid 

chromatography (HPLC)   
109, 274, 291, 340–341, 
533–534

HPLC, see high-performance 
liquid chromatography

human skin   43, 50, 56, 58, 67, 
69, 91, 96, 102, 106, 145, 
153, 182, 200, 233
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human skin epidermis   10
hydrogel   191, 196, 226–227, 

235–236, 238, 474, 527, 
538–539

hydrophilic drugs   202, 282–283, 
288, 298, 324, 377–378, 
411, 443, 472

hydrophilic gels   191, 232, 527
hydrophilic nail lacquers   

536–537
hydrophobic domains   431–432, 

440, 442
2-hydroxymelatonin   48
6-hydroxymelatonin   48, 75

ibuprofen   194–197, 480
Ilex paraguariensis   272–275
indomethacin   205, 207, 453
infrared radiation   63, 76, 239
insulin   302, 305, 334, 482
intact skin   346, 401, 403, 411, 

413
intense pulsed light (IPL)   26, 

30–31, 34
interactions
   electrostatic   282, 295, 297, 

299–300, 338
   skin- carrier   414
   skin-vesicle   370
interface, oil–water   187–188
IPL, see intense pulsed light
isomers   96–97, 248
itraconazole   397, 515–516,

520, 540

keloids   23, 344–345
keratin   5–6, 181, 334, 478,

509–510, 533

keratin matrix   514–515, 542
keratinization process   5–6
keratinocyte growth factor

(KGF)   11, 34
keratinocytes   5, 7–10, 14, 50, 

56–58, 70–71, 180, 347, 
358, 400, 408, 447

   follicular   11
   human   10
ketoconazole   397, 531,

534–535
KGF, see keratinocyte growth 

factor

lamellar phases   433, 436,
438–441, 444–445,
449, 453

Langerhans cells   5–7, 16, 56, 
180, 347, 375, 400

large unilamellar vesicles
(LUV)   286, 288

lasers   21–23, 29–30, 32
   ablative   17, 21–24, 31
Leishmania   292, 391–392,

396–398, 405, 409–410
leishmaniasis   389–390, 396–397
lipid-based nanocarriers   

385–386, 388, 390, 392, 
394, 396, 398, 400, 402, 
404, 406, 408, 410, 412, 
414–416

lipid ϐilms   286, 288, 331, 336, 
369

lipid nanocarriers   415
lipid nanoparticles   149, 

218–220, 226–227, 234, 
241, 243, 246–247,
249–251

lipid vesicle formulations   285, 
297, 306
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lipid vesicles   282–283, 287, 
290–296, 298–299,
301–303, 305, 361, 408

lipids
   intercellular   181, 347, 401, 

408, 454, 472
   liquid   150, 219–220, 245, 247
lipophilic gels   191, 479, 527
liposomal constituents   408
liposomal formulations   

289–290, 294, 306, 326, 
345, 397, 407–410

liposomes
   classic   363
   deformable   150, 403
   ϐlexible   348–349
   non-phospholipid   303
   ultradeformable   304, 327
liquid crystal-forming lipids   433
liquid crystalline mesophases   

436–437, 440
liquid crystalline nanoparticles   

451, 453
liquid crystalline phases   151, 

155, 330, 436, 438–439, 
441, 443, 447

lutein   228, 240–241
LUV, see large unilamellar

vesicles
lysosomes   126, 295, 297, 324

melanocyte-stimulating 
hormones (MSH)   9, 34

melanocytes   5, 7–11, 15, 20, 50, 
52, 56–58, 70, 180, 292, 
358, 400

melanoma skin cancers   76, 304
melatonin   16, 43–56, 58, 60, 

62–76, 304
   application of   72–73

   biological eff ects of   44, 46, 50
   protective eff ect of   72
   topical   73–74
melatonin administration   70
melatonin biosynthesis   47
melatonin deacetylase   49
melatonin degradation   48–50
melatonin interactions   48, 52, 54
melatonin metabolism   49–50, 70
melatonin production   46–48, 66
melatonin surface receptors   76
melatonin synthesis   46–48, 66
melatoninergic cascade   69, 75
melatoninergic pathways   70
melatoninergic system   46–47, 

49, 51, 53, 55
membranes
   liposomal   345
   polycarbonate   287–289, 336
mentagrophytes   292, 504, 521, 

523–524, 532
mesophases   432, 436–442,

444–446, 448–450
metabolites   48, 50–51, 53, 70, 

303
MIC, see minimum inhibitory 

concentration
microemulsion   237, 265, 269, 

538, 540
microneedles   153, 155, 185, 296
miltefosine   397–399
minimum inhibitory 

concentration (MIC)   409, 
516, 518, 521–522, 527,
535

minoxidil   221, 373, 376
mitochondria   45, 124, 126
monoglycerides   176, 433, 451
mononuclear phagocytic system 

(MPS)   282, 294, 299, 332
MPS, see mononuclear

phagocytic system
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MSH, see melanocyte-stimulating 
hormones

multi-vesicular vesicles
(MVV)   286

mungbean starch   196
mutations   60, 64, 94, 179
MVV, see multi-vesicular

vesicles
mycobacterial skin infections   

386–387
mycosis fungoides   129, 132, 147

N-acetyl-N-formyl-5-
methoxykynuramine   
48–50, 76

nail   4, 507–509, 512–518, 523, 
525, 527–529, 532–533, 
535–538

nail bed   503, 507–508, 536, 538, 
540

nail fungal infections   503, 512
nail hydration   514, 536
nail lacquer formulations   

529–530, 532
nail lacquers   515, 526,

528–529, 532, 534,
536–538

nail permeability   511–512
nail permeation   509, 511,

514–515, 541
nail plate   507–511, 513,

515–516, 528–529,
535–537, 540, 542

   diseased   510
   human   512, 516, 534, 536
nanocapsules   201–202,

204–205, 232, 538
nanocarrier systems   237, 242, 

247, 249, 283

nanodispersions, liquid 
crystalline   149, 448, 
453–454

nanomaterials   107, 110, 307
nanoparticles
   gold   151
   inorganic   109, 151–152
   silica-based   151
nanoprecipitation   203, 270
nanospheres   201–202,

205–206, 538
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