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ARTICLE INFO ABSTRACT
Keywords: The skin is a complex and multifunctional organ, in which the static versus dynamic balance is responsible for its
Dermal application constant adaptation to variations in the external environment that is continuously exposed. One of the most

Solid lipid nanoparticles
Nanostructured lipid carriers
Bioavailability

Skin permeation

important functions of the skin is its ability to act as a protective barrier, against the entry of foreign substances
and against the excessive loss of endogenous material. Human skin imposes physical, chemical and biological
limitations on all types of permeating agents that can cross the epithelial barrier. For a molecule to be passively
permeated through the skin, it must have properties, such as dimensions, molecular weight, pKa and hydrophilic-
lipophilic gradient, appropriate to the anatomy and physiology of the skin. These requirements have limited the
number of commercially available products for dermal and transdermal administration of drugs. To understand
the mechanisms involved in the drug permeation process through the skin, the approach should be multidisci-
plinary in order to overcome biological and pharmacotechnical barriers. The study of the mechanisms involved in
the permeation process, and the ways to control it, can make this route of drug administration cease to be a
constant promise and become a reality. In this work, we address the physicochemical and biopharmaceutical
aspects encountered in the pathway of drugs through the skin, and the potential added value of using solid lipid
nanoparticles (SLN) and nanostructured lipid vectors (NLC) to drug permeation/penetration through this route.
The technology and architecture for obtaining lipid nanoparticles are described in detail, namely the composition,
production methods and the ability to release pharmacologically active substances, as well as the application of
these systems in the vectorization of various pharmacologically active substances for dermal and transdermal
applications. The characteristics of these systems in terms of dermal application are addressed, such as
biocompatibility, occlusion, hydration, emollience and the penetration of pharmacologically active substances.
The advantages of using these systems over conventional formulations are described and explored from a phar-
maceutical point of view.

This article is a part of the Lipid-Based Nanoparticles Special issue.
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1. Introduction

In recent decades, the skin has been explored as an alternative route
for topical, dermal and transdermal administration of drugs. However, it
was only after the 1960s that the processes involved in skin permeation
began to disclosed, however, advances are still modest. In fact, the
number of articles published does not reflect the number of products
available on the market.

The first studies reporting the importance of knowing the drug solu-
bility (in vehicles) in the rate of skin permeation date back to the early
1940s [1]. In the 1950s, it was documented that molecules with log P
between 1 and 3 permeated skin more easily [2, 3, 4].

Despite the numerous advantages that the skin presents as adminis-
tration route for a range of drugs, for systemic effects, the number of
molecules developed with physicochemical characteristics suitable for
the transdermal route remains very limited. Nicotine and nitroglycerin,
currently considered as drug models of skin permeation, were properly
characterized in the 1950s [5]. To overcome this difficulty, alternatives
have been proposed, such as nano and microencapsulation. On the other
hand, the skin permeation and penetration of the drug do not only
depend on the physicochemical properties drug and its delivery system
[6, 7, 81, but also the anatomy, physiology and biochemical skin struc-
ture. The knowledge of biopharmaceutical aspects is instrumental to
identify the skin's barrier properties, so that they can be overcome to
ensure transcutaneous permeation.

The topical administration of drugs is typically associated to a higher
patient's compliance because it a non-invasive route. The effect may be
non-systemic (if the drug remains in within the skin layers) or systemic (if
the drug reaches the blood circulation and, in this way, we have a
transdermal administration). Another advantage of using the skin for
drug administration refers to the avoidance of first pass metabolism
through the liver and also the gastrointestinal tract (in comparison to the
oral route), both phenomena responsible for the reduced drug bioavail-
ability. However, the presence of the stratum corneum as the outermost
layer of epidermis is responsible for limiting the type and amount of drug
that can be administered through this route. To increase drug perme-
ation/penetration through the skin, several techniques have been pro-
posed. Examples of “active” methods include the iontophoresis (which
uses the electricity to "force" the entry of molecules through the skin [9,
10, 11, 12]), electroporation (by applying a high-voltage pulse to the skin
[13, 14]) and sonophoresis (by application of ultrasound [15, 16]).
Regarding more “passive” methods to increase the permeation of mole-
cules, the use of supersaturated solutions [17, 18, 19], absorption pro-
moters [20, 21], andlipid nanoparticles [22, 23, 24, 25] have been
proposed.

In this review, we provide a systematic analysis of the anatomical,
physiological and biochemical characteristics of the skin that may in-
fluence the permeation/penetration of drugs, their physicochemical
properties and the potential advantages of using lipid nanoparticles as
carriers to increase skin permeation of loaded molecules.

2. General aspects of skin tissue

The epidermis and the dermis are two main strata that structurally
perform specific functions. The epidermis is the epithelial layer of ecto-
dermal origin that lines the superficial part of the skin, and the dermis is
the connective layer of mesodermal origin that protects and supports the
body and its organs. The epithelial tissue is made up of cells arranged in
continuous laminae, densely grouped and held tightly together by
numerous cellular junctions. The apical surface of the epithelial cells is
directed towards the outermost surface of the skin and the basal surface
adheres to the adjacent connective tissue.

The skin presents desmosomes, hemidesmosomes and cell-cell junc-
tions called “tight junction”. Desmosomes are complex cytoplasmic ex-
pansions, consisting of protein chains of desmoplaquin and placoglobin.
Desmosomes are linked by transmembrane glycoproteins, which extend
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through the spaces between adjacent cell membranes, fixing one cell to
another through electrostatic bonds. Hemidesmosomes, structurally
similar to half a desmosome, connect cells to extracellular material. The
tight junction connects neighbouring cells (cell-cell connection) of the
tissues that cover the surface of the organs and body cavities, making it
difficult for substances to pass through the cells and separating the apical
part from the basolateral part of the cells. The fixation between the basal
surface of the epidermis and the connective tissue occurs through a thin
extracellular layer, called the basal membrane, which consists of two
laminae, namely, basal lamina and reticular lamina. The basal lamina
contains collagen fibers and other proteins, while the reticular lamina
contains structural proteins, such as reticular fibers and fibronectin [26].

The epidermis is a stratified and keratinized squamous epithelium.
The cells present in the superficial layers are flattened, while those pre-
sent in the deeper layers have variable shapes. Basal cells are deeper, and
are forced to target the apical surface as they grow by cell division. Over
time, this type of cells dehydrates and stiffens. The dermis consists of
connective tissue and comprises a true gel, rich in mucopolysaccharides
and fibrillar material of three types (i.e., elastic, collagen and reticular
fibers), in addition to a few other cells such as fibroblasts, macrophages
and some adipocytes. In the dermis there are also blood and lymphatic
vessels and structures derived from the epidermis, such as hair follicles,
sebaceous glands and sweat glands, which may also offer a pathway for
drugs to enter. Areolar tissue and the adipose tissue are below the dermis.
Since the skin is the largest organ in the body, accounting for about 16%
of body weight, it is a dynamic, complex system integrated by an array of
cells, tissues and matrix elements. The skin is responsible for the physical
integrity and for maintaining the biochemical activities (body tempera-
ture, sensory information). The homeostasis of the skin essentially de-
pends on the stable organization and the cohesion between epidermis
and dermis. Both are interconnected by the dermo-epidermal junctions,
which comprise basal keratinocytes, basal dermo-epidermal membrane
and the papillary dermis [27].

2.1. Epidermis

The epidermis is the superficial layer of the skin with a thickness
varying between 1.3 mm (palms and feet) and 0.6 mm (face) has no
vascular network of its own. The epidermis contains four main types of
cells, arranged in characteristic layers or strata; namely keratinocytes,
melanocytes, Langerhans cells and Merkel cells (Figure 1).

The strata of the epidermis are divided into stratum corneum (10-20
pm) and viable epidermis (90-100 pm). The viable epidermis is divided
into three distinct strata (basal, prickly and granular). The cells of these
strata undergo continuous differentiation to give rise to the outermost
layer of the skin, the stratum corneum. In places on the body where
exposure to friction is high, such as on the fingertips, on the palm and on
the sole of the foot, the epidermis has an additional layer, called the lucid
layer, in addition to a thicker corneal layer [28, 29].

2.2. Cells of epidermis

Keratinocytes make up most of the epidermis. These cells are
responsible for the production of keratin, a resistant and fibrous protein
whose function is to protect the skin and underlying tissues from external
agents, such as heat, the invasion of microorganisms and the penetration
of chemical agents. Melanocytes represent approximately 8% of the cells
of the epidermis. These produce melanin, a pigment responsible for skin
tone that absorbs ultraviolet light and reduces its harmful effects on the
skin. Langerhans cells are formed from the bone marrow and migrate to
the epidermis. These cells represent the small portion of epidermal cells
and still participate in the immune response. Merkel cells are the fewest
cells, located in the basal layer, joining the keratinocytes by means of
desmosomes and acting as mechanical receptors for tactile function. Due
to continuous renewal, basal cells are responsible for maintaining the
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Figure 1. Cell types and different layers of epidermis [own drawing].

epidermis. Melanocytes, Langerhans and Merkel cells are dispersed
among the basal stratum keratinocytes [26].

2.3. Strata of the epidermis

The basal stratum is the deepest of all the constituents of the
epidermis. This consists of a single row of cuboidal or columnar kerati-
nocytes, which separates the epidermis from the dermis. The keratino-
cyte nuclei in the basal layer are large, and the cytoplasm contains many
ribosomes, a small Golgi complex, few mitochondria, and some rough
endoplasmic reticulum. The cytoskeleton, within the cells of the basal
layer, includes intermediate filaments composed of keratin. The spiny or
malpighian layer, located more externally in relation to the basal layer,
has 8 to 10 layers of polyhedral keratinocytes, which have the same or-
ganelles as the cells in the basal layer. The spinous layer contains keratin
filaments that bind to neighbouring cells through desmosomes. Keratin
filaments and desmosomes are responsible for maintaining the cohesion
between cells of the epidermis and for resistance against friction.
Lamellar granules, which are considered the first sign of keratinization,
appear for the first time in the spinous layer. These granules contain
lipids (e.g., ceramides, cholesterol and fatty acids), and enzymes (e.g.,
proteases, acid phosphatase, lipases and glycosidases). Lamellar granules
migrate to the surface and expel their contents by exocytosis. The
released lipids thus coat the surface promoting its lipid barrier properties
[30]. This lipid coating may pose some advantages to the use of lipid
nanoparticles for drug delivery [31].

The granular layer is composed of 3-5 rows of flattened polygonal
cells, with a cytoplasm full of basophilic granules, keratohyaline com-
pounds, and lamellar granules. These cells have dark granules of the
keratohyaline protein, which is a differentiation phenomenon compared
to other cells. These granules contain profilagrin, the precursor to phi-
lagrin, a protein that intersects with keratin filaments, responsible for the
structure and together with the stratum corneum for the mechanical
resistance of the skin [32, 33].

In the thick skin of plantar regions, the lucid layer is more evident and
consists of a thin layer of flat, eosinophilic and translucent cells. This

layer has numerous keratin filaments in the cytoplasm and desmosomes
can still be found between the cells [34].

The stratum corneum is the most superficial layer of the epidermis
and one of the most important barriers against the loss of physiologically
essential substances and the penetration of xenobiotics from the external
environment into the body, including drugs and drug delivery systems.
Although it is a thinner layer about 10-20 pm, it ensures the protection
from mechanical aggressions and is responsible for the primary defence
against ultraviolet light exposure [35].

The stratum corneum has the formidable ability to adjust its thickness
according to the aggressions of the surrounding environment, thus in-
dividuals in inhospitable environments or those more exposed to ultra-
violet radiation have thicker skin. This property causes a great variation
between and within individuals that can be reflected in a failure in
percutaneous absorption. In in-vitro and ex-vivo studies with synthetic or
natural membranes, and even in human studies, this aspect is seldomly
observed, and in scientific research it invariably leads to errors in
interpretation of results [36].

2.4. Dermis

The dermis is mainly composed of connective tissue and comprises a
thickness between 1,000 to 1,200 pm. Connective tissue consists of two
basic elements, namely, cells and matrix. The matrix is composed of fi-
bers and a fundamental substance, the component of the connective
tissue that occupies the spaces between cells and fibers. Unlike epithelia,
connective tissues are very vascularized [34, 37]. The dermis can be
divided into a superficial papillary region and a deep reticular region.
The papillary region consists of areolar connective tissue, containing thin
elastic fibers. The areolar connective tissue contains several types of cells,
including fibroblasts, macrophages, plasma cells and adipocytes, as well
as three types of fibers (collagen, elastic and reticular) and the funda-
mental substance. The areolar connective tissue combined with the adi-
pose tissue forms the subcutaneous layer below the dermis (hypodermis),
this layer of tissue ensures the connection of the skin to the underlying
tissues and the organs.
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The elastic fibers consist of protein molecules, called elastin, sur-
rounded by glycoprotein, called fibrillin, an essential component for the
stability of the elastic fiber. Reticular fibers are formed by collagen with a
glycoprotein layer and participate in the formation of the basement
membrane.

The reticular region consists of irregular dense connective tissue,
whose collagen fibers have an irregular disposition. The connective tissue
comprises a true gel, rich in mucopolysaccharides (fundamental sub-
stance) and fibrillar material, in addition to the few cells present such as
fibroblasts, macrophages and some adipocytes [38].

In the dermis, blood and lymphatic vessels and structures derived from
the epidermis are also found, such as hair follicles, sebaceous glands and
sweat glands. The dermis serves as a support for the epidermis and joins
the skin to the subcutaneous cell tissue or hypodermis. The papillary layer
is thin and is composed of loose connective tissue that forms the dermal
papillae. In this layer, Meissener's corpuscles (responsible for tactile
sensitivity), and Ruffini and Paccini's corpuscles (sensitive terminal or-
gans responsible for heat and vibration, respectively), are found [28].

The hypodermis, also called the subcutaneous layer, is composed of
adipose and loose connective tissue that joins the dermis to underlying
organs. Depending on the region and the degree of nutrition of the or-
ganism, it may have a variable layer of adipose tissue. The hypodermis is
anchored to the dermis through fibers and functions as a fat deposit [39].

2.5. Intercellular adhesion elements

In addition to the main cells, there are intercellular adhesion elements
in the epidermis represented by cytokeratins, tonofibrils and desmo-
somes. Cytokeratins are proteins synthesized by keratinocytes that
gradually accumulate inside cells to the corneal layer. Cytokeratins are
essential in the formation of the cytoskeleton and desmosomes. As the
keratinocyte develops, other types of cytokeratins are formed, e.g., in the
granular layer. These cytokeratins are called 1, 10, 6 and 16 and in the
spinous layer the cytokeratins are called 5, 14 and 6b. Tonofibrils are
intermediate keratin filaments that bind to desmosome plaques,
increasing the level of cell adhesion. The desmosome plate consists of
several protein chains (desmoplaquin and placoglobin) in which the
tonofilaments and transmembrane bonds formed by desmogleins are
inserted. Desmosomes connect the keratinocytes of the granular layer
with the corneocytes of the stratum corneum [26].

2.6. Dermoepidermal adhesion elements

The dermoepidermal junction is the zone of the basement membrane
that forms the interface between the epidermis and the dermis. Its main
function is to resist against external mechanical forces, sustain the
epidermis, determine the polarity of its growth, organize the cytoskel-
eton of the basal cells, produce signals during development and function
as a semipermeable barrier. The thickness of the dermoepidermal junc-
tion varies from 60 to 140 nm, presenting a tangled structure of colla-
gens, types IV and VII, with longitudinal fibers [40].

In addition to its role in cellular cohesion, the dermoepidermal
junction also represents a zone of exchange between keratinocytes pre-
sent in the epidermis and dermal connective tissue. The dermoepidermal
junction can be divided into three compartments: anchoring filaments
(hemidesmosomes) [41], which bind to the basal keratinocytes; dense
lamina, formed mainly by type IV collagen; dense sub-layer formed by
anchoring fibrils (type VII collagen). The dermoepidermal junction also
includes tenascin proteins, types I and III, collagens and fibrillin-1.

2.7. Epidermal metabolism
The study of epidermal metabolism is very important with regard to

the transdermal release of drugs, as well as in the safety and efficient
local treatment in case of topically applied drugs. Lytic enzymes
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participate in the process of differentiating the anatomical and physio-
logical barrier and are responsible for the physiological degradation of
cellular components (such as proteins and lipids) and also act in the
epidermal metabolism of xenobiotics [39].

Over the past ten years, many studies have demonstrated significant
metabolic processes in the skin due to the effects of enzymes located
mainly on the epidermis. Enzymatic activities detected in the skin and its
location in the various strata of the skin tissue have a marked effect on
the permeation of foreign compounds. Thus, many pharmacological or
toxic effects of drugs and the components of the formulation or its me-
tabolites, may be associated with the nature and magnitude of the skin
metabolism of drugs.

The impact of the metabolism that occurs on the skin, the effects of
the topically applied drug and the factors capable of biotransformations
by biochemical modulators are thus important factors of skin protection
[42].

The main difficulties encountered in studies of skin metabolism of
drugs derive from the relatively complex structure of this organ and from
the different levels of enzymatic activities. However, aspects related to
the action of numerous enzymes have been ruled out during the plan-
ning, development and evaluation of new formulations [39].

The extent to which skin metabolism may be involved in skin
permeation and the fate of topically applied xenobiotics has been
assessed through cell culture, structurally intact and metabolically active.
One of the first studies using [*c] benzo-(a)-pyrene demonstrated that
all classes of metabolites of this compound were found in the culture
medium [43].

Although the skin is considered an important site of extrahepatic
metabolism, the information found on the role of skin metabolism in the
fate of topically applied drugs is superficial. Although the extent of
cutaneous metabolism is modest when compared to metabolism in the
liver, it is important to consider the effect of the metabolic function
inherent in the local and systemic transdermal distribution. However,
there is still a need to investigate to what extent skin metabolism is
involved with the bioavailability of drugs administered by the trans-
dermal route. However, it is already evident in recent publications that
enzymes active in skin tissue have the ability to biotransform topically
applied compounds with a consequent change in the pharmacological
effect [42].

Studies carried out to locate the enzymatic activity in the skin
revealed that sebaceous cells are the most metabolically active cell type,
followed by differentiated keratinocytes and basal cells [44, 45, 46].
Other studies showed that the sebaceous glands exhibit significant
amounts of 5a-reductase, responsible, for example, for the conversion of
testosterone to 5a-dihydrotestosterone. Applying immunohistochemical
methods, it was observed that the epidermis, sebaceous glands and hair
follicle present high enzymatic activity, mainly cytochrome p-450 iso-
enzymes [44, 47, 48]. Although hundreds of enzymes are present in the
skin, studies with polycyclic hydrocarbons and steroids have revealed the
presence of oxidative reactions (aryl hydrocarbon hydrolase, 7-ethoxy-
coumarin O-deethylase, epoxide hydrolase, 17f hydroxysteroid and
monooxygenase-dependent cytochrome P-450) and hydrolytics
(esterase, leucine-aminopeptidase and aminopeptidase), both distributed
in the epidermis, hair follicle, basal lamina, capillary endothelium, sweat
gland and superficial dermis [42, 44, 49].

3. Anatomical and physiological barriers to percutaneous
absorption of drugs

The transdermal route has attracted the interest of the scientific
community, due to the associated biomedical advantages. In modern
pharmaceutical practice, drugs are applied to the skin for local (epithelial
surface), dermatological (skin cutaneous) or for transdermal (systemic)
effect. A drug in contact with the skin surface can penetrate the skin
tissue through two potential routes: directly through the stratum
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corneum or through the adnexal orifices (hair follicle, sebaceous glands
and sweat glands) [50].

The permanent discussion of the relative importance of the adnexal
orifices and pores in relation to transport through the stratum corneum,
has been open for some time, due to the lack of an adequate experimental
model that allows to separate each of the permeation pathways [50, 51]
and simultaneously evaluate biotransformation through multiple enzyme
activity [44]. Since each pathway cannot be fully discussed separately, it
would be more relevant to focus on globally discussing the barriers
imposed by the cutaneous tissue to drug permeation [30, 52]. On the
other hand, the adnexal orifices comprise an area for permeation of
approximately 0.1% of the total area of the skin, and their distribution is
irregular throughout the entire organ, which makes the discussion even
more palliative.

As research progresses, new delivery systems for unconventional
administration routes have been designed. During the last decade, the
transcutaneous route has received increasing interest for the systemic
administration of drugs. A considerable number of modern technologies,
including the concept of targeted drug delivery, with the aim of pro-
moting the release in the site of action and improve its bioavailability
[53, 54].

Overcome the impermeable nature of the skin barrier, different
pharmaceutical approaches are being continuously proposed to improve
the systemic delivery of drugs through the skin, e.g., pro-drugs or hy-
drophobic analogues, permeation enhancers, saturated semi-solid for-
mulations, micro- and nanoparticles [55]. Many of these innovative
products end up being discarded because they are not able to effectively
overcome epithelial barriers.

Cutaneous microvasculature is considered a secondary skin barrier.
This acts as a dissipator of molecules that diffuse through the primary
skin barrier, ensuring maximum diffusion into the capillaries, which
negatively affect the transdermal delivery of drugs and other chemical
compounds [56]. Thus, the permeability of drugs through the epidermis
is governed by several anatomical and physiological barriers, as sche-
matically represented in Figure 2.
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3.1. Stratum corneum

The stratum corneum together with the stratum granulosa adapt the
skin to external signals, with modulations appropriate to their defence
functions. As in vitro or ex vivo models often ignore the complexity of skin
barriers, the correlation with in vivo behavior is always controversial
[571.

Due to the exceptional composition of the stratum corneum, with long
chain ceramides, free fatty acids and cholesterol as the main classes of
lipids, the lipid organization in this layer is different from other biolog-
ical membranes. In the stratum corneum, two lamellar phases are present
with repetition distances of approximately 6.0 and 13.0 nm. In fact, most
of the defensive functions of the epidermis are present in the stratum
corneum [36, 58].

The epidermal barrier is multifunctional attributed to the interaction
between macrostructures (cross-sectional organization of corneocytes)
and microstructures (organization of lipid intercorneocytes), bi and
three-dimensional supramolecular organization of the lipid matrix and
other cellular structures and elements and enzymes that make up the
stratum corneum [59, 60].

The corneocytes are organized into clusters (a cluster of about 12
cells). These clusters are separated from each other by layers with low
permeation resistance, and are responsible for delimiting the intercluster
penetration route. The intercorneocyte lipids are organized in parallel
and as repeated bilayers, head-to-head and tail-to-tail. Intercellular lipids
can be classified into four categories: cholesterol and its derivatives,
ceramides, free fatty acids and triglycerides. About 80% of these lipids
are nonpolar, and the small hydrophilicity of their molecules is due to the
presence of hydrophilic groups, which are capable of forming hydrogen
bonds with lipids, water and some chemical compounds [29].

The tail-tail region of intercorneocytes is known as the intercellular,
nonpolar, transepidermal route [58] or percutaneous absorption lipid
route. It has been suggested that the skin may contain aqueous pores,
thus being a possible hydrophilic route for percutaneous absorption [61,
62], however, the penetration of water and polar molecules is very low

pH
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Stratum corneum

Hyphobic/Hydrophilic gradient

Temperature

Figure 2. Main anatomical and physiological barriers that govern the percutaneous absorption of drugs [own drawing].
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[63]. Nevertheless, the different types of aqueous pores, whose opening
dimension on the surface ranges between 0.4 and 2.8 nm, have been
investigated as a cutaneous penetration pathway for nanomaterials [51,
58, 64].

The stratum corneum comprises the outermost part of the cutaneous
tissue, about 5-20 pm and is composed of corneocytes surrounded by
lipid regions and is the main barrier for dermal and transdermal
administration routes of drugs, either in their free form or loaded in
delivery systems or nanoparticles. As most of the drugs applied to the
skin permeate throughout the lipid domains, the organization of the
lipids is considered to be very important for the barrier function of the
skin [52].

The concept of the stratum corneum, as a limited permeability bar-
rier, has been schematically and mathematically represented as a two-
compartment model. This model is generally represented as an imper-
meable matrix of cells, filled with keratin embedded in a lipid matrix and
is compared to a wall, where the bricks represent the cells and the mortar
is represented by the intercellular lipids. This arrangement forms a
tortuous path for the diffusion of molecules through the stratum cor-
neum, hindering the drug penetration and absorption [65].

The chemical nature and disposition of intercellular lipids are also
uncommon, and provide greater resistance against drug diffusion. This
structural organization defines the location of certain barrier functions,
both in the extracellular compartment and in the cytoplasm. In the
extracellular compartment, important protective functions are found,
such as a barrier against microorganisms, elimination of toxic chemical
agents and allergens, and selective absorption. In the intracellular
compartment (cytoplasmic) there are barriers against ultraviolet rays,
activation of cytokines and thermoregulation. The hydration and
impermeability of the barrier are controlled by the intra and extracellular
compartments.

Lamellar bodies contain not only lipids (sphingolipids, phospho-
lipids and cholesterol), but also lipid hydrolases, proteolytic enzymes,
structural proteins, enzyme inhibitors, and antimicrobial peptides.
Lipid hydrolases, in addition to their biochemical functions, are
responsible for protection against xenobiotics from fatty substances.
The performance of lipid nanoparticles as drug delivery systems is also
impaired by this skin defence mechanism. Thus, the lamellar secretory
system determines that certain sets of protective functions remain
within the interstices. These protective functions are generally driven
by stimuli that increase the production and secretion of lamellar
bodies, which inactivate the action of transport systems. On the other
hand, a spectrum of structural proteins and non-secreted enzymes
remain within the corneocytes to ensure a different set of protective
functions for the skin [59].

3.2. Hydrophobic-hydrophilic gradient and pH

The chemical composition of the stratum corneum, considering all
structural sub-elements, contains water (5-20%), lipids (10-12%), pro-
teins (60-70%) and other unidentified compounds (5-8%). However,
chemically, the stratum corneum is referred to as a hydrophobic stratum,
regardless of its high protein content. Among these proteins, 10-15% is
soluble in water [51, 66]. The greater amount of water in the cells of the
viable epidermis contributes to the hydrophilicity of the stratum cor-
neum. Consequently, an epidermal hydrophilic-hydrophobic balance
(HLB) can be expected towards the granular stratum [60, 67].

From a skin protection perspective, HLB is an additional defence
strategy against the entry of hydrophobic compounds into the skin. In
fact, it is widely reported that intermediate oil/water distribution coef-
ficient values are an important parameter in percutaneous absorption
[67]. The higher the HLB, the greater the drug bioavailability. Drugs,
whose oil/water distribution gradient favours solubility in a hydrophobic
environment (log D > 3) [68], would have greater difficulty permeating
the viable epidermis [69]. This same principle can be applicable to
drugs-loaded lipid nanoparticles.
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The composition and location of the chemical components that make
up the stratum corneum is also responsible for a non-linear pH gradient
between the lower and upper parts of the layer [70, 71]. The pH ranges
between 4.5 and 5.5 on the surface of the stratum corneum of mammals,
reaches pH values between 6.8 and 7.0 at the interface of the granular
and horny strata [60, 72]. Thus, acid salts with pKa above 5.0 facilitate
cutaneous penetration through the intracellular route to the surface of
the stratum corneum, however their diffusion would be limited at the
interface of the granular and horny strata. In the first barrier (pH
4.5-5.5), the acid salt molecule would be in the non-ionized form and, in
the granular layer (pH 6.8-7.0), the molecule would be in the ionized
form in greater proportion.

Much evidence suggests that the pH gradient of the stratum corneum
is involved in antimicrobial defence, in the homeostasis of the perme-
ation barrier, in the integrity and cohesion of the stratum corneum, and
in the flaking processes [36, 70, 71].

The formation of the epidermal barrier involves several pH-
dependent enzymes, especially those related to the hydrophobic com-
ponents and their destruction by flaking. Such hydrolases include glu-
cocerebrosidase, sphingomyelinase acid, acid lipases, phosphatases and
phospholipases. Glucocerebrosidase with an optimum pH of 5.6 is
involved in the synthesis of important ceramides [71].

At the interface between the granular layer and the compact layer,
there is a release of acid hydrolases into the extracellular space by
differentiated keratinocytes. Acid hydrolases are an important
biochemical factor in defending the skin against the entry of drugs and
other chemical compounds with acidic characteristics, which would, in
principle, be a threat to cutaneous homeostasis [70]. The formation of an
acid mantle in the most superficial part of the skin and a pH gradient in a
non-polar hydrophobic environment is regulated by different mecha-
nisms, such as the excretion of lactic acid from sweat glands, excretion of
triglycerides that are transformed into acids free fatty acids by normal
microflora, presence of free fatty acids in intercorneocytes and presence
of membranes involved in sodium exchange (Na™) [36]. Another
important mechanism of acidification is through the non-oxidative
deamination of histidine by histidase to form trans-urochanic acid. This
defence mechanism comprising the acid mantle and the pH gradient
negatively influences the penetration of electrostatically charged com-
pounds, as well as transporters whose zeta potential deviates from zero
[36, 71]. Trans-urochanic acid also has immunosuppressive and carci-
nogenic effects [73].

In short, the penetration of drugs and other foreign compounds in the
stratum corneum, as well as their progression through the viable
epidermis is limited by nanoporosity, HLB and pH. Consequently,
structural dimensions, oil/water distribution coefficient and surface
properties are among the most important physicochemical parameters to
be considered when developing new dosage forms.

3.3. Hair follicle and sweat glands

Drugs aimed for skin permeation should be relatively small molecules
(<500Da), lipophilic and devoid of electrical charges [74]. When pene-
trating agents are nanometric, the analysis of the structure and nano-
porosity of the stratum corneum suggests, firstly, that in healthy
individuals these agents have to be smaller than 5.0 or 7.0 nm in order to
have an opportunity to diffuse intact through the entire liquid part of the
lipid bilayers [66]. Although not proven, nanostructures must be less
than 36 nm in size to potentially be able to harness aqueous pores for
permeation through the skin [51, 63, 64].

In general, the composition and physicochemical properties of
nanometric agents, or their components, can improve or limit penetra-
tion and diffusion through the skin. These same properties can also be
responsible for maintaining the physical integrity of nanoparticles when
these agents come into contact with the components of the skin. There-
fore, it is reasonable to estimate that lipid nanoparticles can interact at
different intensities with cutaneous lipids, with which they can melt
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[58]. The obtained lipid film (i.e., from the melting of lipid nanoparticles
with the lipids of skin) may promote skin hydration. Although in this case
nanoparticles do not penetrate the skin nor through its appendages, an
hydrated skin is more permeable than a dried skin to the drugs that are
released from lipid matrices being melted creating a sustained-release
depot [24].

Despite the compact structure of the stratum corneum, the sweat
glands and hair follicles open space on the skin surface, thus providing
entry doors that, in principle, can be used for skin permeation of drugs.
These openings thus form the transfolicular penetration route.

The sweat glands extend from the stratum corneum to the deepest
layers of the skin are about 3.0-5.0 mm long and are involved in ther-
moregulation, acid excretion and drainage of impurities. The serous fluid
excreted by the sweat glands is a diluted aqueous mixture of organic
acids, carbohydrates, amino acids, nitrogenous substances, vitamins and
electrolytes [75, 76].

Hair follicles are pilosebaceous units with excretory properties, and
serve as a route for the elimination of fatty substances (sebum). The
composition of sebum is a mixture of fatty acids (15-28%), waxes
(25-26%), triglycerides (57-30%), cholesterol (1-1.5%) and squalene
(10-12%). The pilosebaceous units extend about 4 mm into the skin, with
this invagination followed by the stratum corneum by approximately 0.1
mm [77]. Consequently, it is possible to anticipate that a drug or its
carrier system, of appropriate dimensions and composition, could reach
the viable epidermis or the systemic circulation, depending on the depth
of penetration.

Although some studies consider the transfolicular route to be an
important route for percutaneous absorption, this opinion is not
consensual [78, 79]. In addition to the small area that these holes provide
at the skin surface, it is commonly argued that the excretion of sweat and
sebum would impair the penetration of xenobiotics.

Another aspect that has attracted scientific research in skin perme-
ation is the phenomenon of opening and closing the hair follicle. Several
studies support the idea that a substance (lipophilic or hydrophilic)
applied topically penetrates the skin through the hair follicle, during a
mass flow from the inside to the skin, i.e., the growth of the hair or the
production of sebum [78, 80, 81, 82]. To explain this phenomenon, it was
assumed that there is a layer that closes some follicles and that can be
removed only by hair growth, during the excretion of sebum [78], or by
using an exfoliating agent [81].

The study by Otberg et al. [81] showed that, during the application of
a formulation on the skin, only 74% of the hair follicles of the forearm
were open, while a pre-treatment of the skin with mechanical peeling was
able to open all the hair follicles for the penetration of the topically
applied substance. Other studies however demonstrated the importance
of hair follicles in the absorption of molecules and large particles, small
hydrophilic molecules and in the reservoir function [83, 84]. Vogt et al.
[82] showed that, after peeling, the penetration of fluorescent particles
with dimensions between 40 and 1,500 nm increased. Additionally, they
found that the 40 nm particles not only penetrated deeply into the
follicular duct, but also penetrated through the hair follicle epithelium.
These data suggest that delivery systems can be used for depositing drugs
in the hair follicle duct, and that small size nanoparticles can be used as
targeted-delivery of drugs. However, no data on stability and/or dis-
persibility in sweat or sebum are reported in the articles cited here and
the intense enzymatic activity seems to be overlooked.

Since the processes that shape follicular drug penetration are yet
poorly understood, there is an emerging need for methodologies that can
quantify follicular penetration and deposition of drugs and/or their de-
livery systems applied to the skin.

3.4. Temperature
Although little mentioned in skin permeation studies, it seems certain

to state that in any mechanistic study it would be instructive to determine
how the rate of transcutaneous permeation could be influenced by
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temperature, as well as by hydration, lipophilia, presence of enzymes,
cutaneous microvasculature or by macrophages. The influence of tem-
perature on the rate of skin permeation could be better understood
through the thermodynamic evaluation of the process and the determi-
nation of activation energies. In fact, by increasing infrared irradiation
(exposure to the sun), fever, or dilation of vascularization by increasing
blood flow or the number of capillaries, the skin permeability increases
significantly. In summary, this is due to fluidization of the inter-
corneocyte lipid tails and/or an increase in dermal clearance [60, 85].

4. Factors affecting the drug absorption through the skin

The description of the physical barriers of the stratum corneum
highlights that the larger openings and more permeable discontinuous
areas define nanoporous nature of this outermost layer of epidermis.
Thus, by the analysis of the skin anatomy it can be anticipated that in
healthy individuals the penetration of nanoparticles with dimensions
between 5-7 nm or 36 nm may happen through the intercellular route or
through the aqueous pores, respectively. Similarly, larger particles
(10,000-210,000 nm) could penetrate the skin through the transfolicular
route. Drug delivery systems with nanometric dimensions could simul-
taneously use different routes of penetration into the skin, increasing the
potential for drug penetration. In addition, the intercluster region may
contain greater penetration pathways and should be studied more care-
fully [58].

All research on transdermal delivery of drugs and transcutaneous
permeation reveals that there are many other factors to be considered
and that skin permeation is not necessarily the final step to increase drug
bioavailability or even local action. Even the penetration of nanometric
particles can be affected, simply, by the opening or closing of the sweat
and sebaceous glands.

4.1. Skin physiological conditions and administration sites

Age, skin type and sex hormones influence the permeability of the
skin due to a slightly different chemical composition in the stratum
corneum structure. Thus, depending on the region of the body, cutaneous
absorption through the transepidermal and transfolicular routes may be
favoured or impaired.

Percutaneous absorption of drugs is governed by the integrity and
regional variations of the skin, the dimensions and density of the aqueous
and hydrophobic pores and the path of the lipid fluids. As stated above, a
commonly highlighted fact is the variation in the thickness of the stratum
corneum in regions of the body, such as the face and the palms of the
hands and feet. The pilosebaceous units are also unevenly distributed in
the body, where their density, the diameter of the hairy holes and the
volume of the follicular infundibulum vary in each region [47, 86].

The integrity of the stratum corneum may be compromised by
dermatological diseases and other pathological conditions, in addition to
trauma, extensive use of detergents, prolonged exposure to air condi-
tioning and to a dry environment. These circumstances may be respon-
sible for different changes in the skin due to the extraction and
modification of intercorneocyte lipids or by dehydration of the skin [87].

Formulations to be applied to unhealthy skins are generally studied
on intact skin, without considering the differences in structure and
chemical composition between healthy and sick individuals and between
different species [29]. Thus, the comparison of experimental data should
consider the location of the body in in-vivo studies and the conditions of
the biopsy sources in ex-vivo studies [44, 88].

Dehydration of the stratum corneum in healthy individuals is
currently one of the risk factors that most affect skin permeation. In fact,
excessive use of detergents and air conditioning can have profound ef-
fects on the skin, such as exfoliation and cracks [86, 89].

The hydration of the stratum corneum is responsible for a barrier
reduction. In fact, a water content in the order of 20-50% promotes the
swelling of the corneocytes with a consequent reduction in cell
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compaction and resistance to diffusion. Under these conditions, hydro-
phobic drugs would find an unfavorable HLB. The increase in trans-
cutaneous permeation by hydration depends on the type of skin and the
physicochemical properties of the penetrating agent [90].

Another relevant aspect is the skin temperature. The environmental
conditions (latitude, temperature, humidity) in which individuals are
exposed when coming into contact with the formulations must be taken
into account. Therefore, it is necessary to be careful with the data ob-
tained in-vitro, before evaluating whether a particular drug or nano-
particle is or is not absorbed through the skin [59].

4.2. Physicochemical characteristics of penetrating molecules

More than 70 years of research on percutaneous absorption of drugs
reveal that the solubility of the drug in the carrier system plays a
fundamental role in the amount of drug permeating the skin. Since
permeation is a thermodynamically driven event, saturated formulations
ensure maximum transcutaneous penetration [90].

Since only the non-ionized fraction of the molecule will be trans-
ported to the viable epidermis, the pH of the carrier system and the pKa
of the penetrating molecule must be carefully chosen. The oil/water
partition coefficient should favour diffusion in both water and lipids,
since very lipophilic molecules would diffuse more easily in the stratum
corneum, but would have difficulty leaving it and migrating to the deeper
layers of the skin. On the other hand, a hydrophilic substance will also
find it difficult to melt with the lipids composing the sebum, compro-
mising its absorption [91].

To permeate significantly through the skin, the molar mass of the
permeating agents should be less than 500 Da [74]. However, this
property does not exclude that larger molecules can penetrate the stra-
tum corneum and disorganize the supramolecular lipid structure,
favouring the intentional or accidental entry of other molecules and/or
nanoparticles [58, 92].

The potential for the skin components to establish chemical interac-
tion with the drug and the local enzymatic metabolism cannot be over-
looked. Bonding with normal skin components will prevent further
penetration, while metabolism can reduce the amount of drug molecules
that can permeate it effectively [44]. Skin metabolism normally exists for
the conversion of endogenous substances (for example, hormones, ste-
roids, inflammatory mediators, lipids) and for the removal of xenobiotics
[47, 48, 93].

Another important parameter is the diffusion coefficient of the
penetrating molecule, between the delivery system and the skin. In ho-
mogeneously diluted solutions, the diffusion coefficient can be calculated
using the Stokes-Einstein equation provided that the limiting factor for
absorption is not the dimension of the penetrating molecule. The diffu-
sion coefficient undergoes few changes for molecules with a molar mass
between 100 and 1000 Da. For smaller molecules the diffusion coeffi-
cient is affected by changes in polarity [94, 95].

4.3. Physicochemical properties of the formulation

When a formulation is applied to the skin, all its constituents undergo
the same absorption process, albeit different extents. As most products
are not applied occlusively, formulations tend to change their composi-
tion due to the presence of water or volatile compounds that evaporate.
When the skin perspires and/or the fatty components of the skin are
excreted, the sebum can be mixed with the applied formulation. Conse-
quently, different synergistic combinations or interactions between the
delivery system, the drug and the skin components will be established.
Thus, the physicochemical properties of the drug delivery system are
very important and crucial in skin permeation [96] and the non-volatile
constituents will be absorbed to different degrees.

More viscous formulations reduce the diffusion coefficient of the
molecule in the vehicle, delaying or avoiding partitioning with the skin
and consequently absorption. Extremely lipophilic formulations will
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compete with the lipophilic stratum corneum, making it difficult to
partition [97]. On the other hand, occlusive formulations can moderately
increase absorption. Besides, the presence of solvent molecules, surfac-
tants, absorption enhancers, and other compounds in the formulation can
alter or damage the stratum corneum by different processes, causing a
significant increase in the absorption of all components of the formula-
tion applied to the skin [98].

The efficiency and safety of formulations developed for topical,
dermal and transdermal drug delivery can generally be distinguished
when dispersed in water, based on organic solvents or in ointments,
creams, gels, or other semi-solids. It is certain that each of these formu-
lations will affect the barriers of the skin and the permeation pathways
differently.

4.4. Physicochemical properties of nanoparticles

Several parameters govern the entry of nanoparticles through the
skin, namely, (i) the size of the particles, which will influence the ability
to penetrate the skin, (ii) the penetration pathway, and (iii) the diffusion
coefficient between the formulation and the skin [99, 100]. Together
with the dimension, shape and surface properties of the nanoparticles
(charges and polarity), the selection of the penetration pathway, the
depth of penetration through that pathway, and the diffusion coefficient
in the skin will influence the amount of drug entering the skin [100].

Regarding the shape, despite their characteristic solid core, lipid
nanoparticles are not always rigid. The deformable shape and their
dimension versus orientation must also be considered. Thus, the fact that
a mathematical model is used to describe the diffusion of non-spherical
and deformable nanostructures will not be entirely possible. Depending
on the spatial orientation of the drug, permeation will vary continuously.
It is also obvious that rigid or deformable shapes and their orientations
can influence the passage of delivery systems through a given structure
with defined porosity, as well as their aggregation in penetration through
a narrow path [101].

With respect to the surface electrical charge, this property influences
both the risk of nanoparticles’ aggregation and the skin diffusion. It is the
coating of nanoparticles that interacts first with the skin components, and
may influence positively or negatively the nanoparticles diffusion [100,
101]. The surface charges can be associated with the ionizable residues of
the materials, influencing the pKa as a whole, from which it could be
anticipated that charged particles would not penetrate through the skin.
However, this would be a simplistic answer, because it does not
contemplate that the amount of charge can vary when nanoparticles
come into contact with the slightly acidic characteristics of the skin [58].
In addition, positively or negatively charged surfaces can interact
differently with various skin components and follow different penetra-
tion pathways [102].

Particles’ physicochemical stability is another important parameter as
it can modify their surface properties and influence the ratio and pene-
tration pathways through the skin [80]. At the level of lipid nano-
particles, lipid stability may also be related to their ability to form
micelles after contact with specific structures or components of the skin
[103]. This may happen in case phospholipids are used as surfactants in
lipid nanoparticles composition.

To sum up, besides the effect of the drug solubility and oil/water
partition coefficient, the nanoparticles size influences the general sta-
bility, the surface properties, the deformability and, therefore, the
diffusion coefficient of the drug in the nanoparticles and through the
skin. Thus, the potential for drug-loaded nanoparticles to be absorbed
through the skin, without considering these variables would be rather
inaccurate.

5. Lipid nanoparticles

Lipid nanoparticles emerged in the early 90's and over the last de-
cades have shown to be promising delivery systems for a range of
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chemically different drugs. These particles have a mean diameter be-
tween 50 and 400 nm, are made up of lipids and stabilized by surfactants.
There are mainly two types of lipid nanoparticles, which are essentially
distinguished by their composition, i.e., when they are composed only of
solid lipids, they are called solid lipid nanoparticles (SLN). When their
composition includes, in addition to solid lipids, a portion of a liquid lipid
(commonly an oil), they are called nanostructured lipid vectors (NLC). To
be considered nanoparticles, i.e., based on a solid lipid matrix, they have
to melt above the body and room temperatures (i.e., in general, above 40
°Q).

SLN and NLC received special attention due to the countless appli-
cations and advantages e.g. (i) the low toxicity and high biocompatibility
due to the composition in physiological lipids, already existing in the
organism, (ii) the capacity of a controlled/sustained release of the loaded
drug, which occurs by erosion of the lipid matrix or by degradation by
enzymes, such as lipases, (iii) protection of labile and sensitive drugs, (iv)
high physicochemical stability, (vi) improvement of the bioavailability of
the loaded drug, which automatically reduces the amount of drug needed
to exhibit therapeutic effect and (v) the possibility of site-specific de-
livery of drugs. All of these advantages make SLN and NLC potential
delivery systems to overcome biological barriers encountered by con-
ventional dosage forms. SLN and NLC may however pose some chal-
lenges in formulation development due to (i) low loading capacity
especially for hydrophilic or more polar drugs, (ii) risk of drug expulsion
from the lipid matrix due to polymorphic changes over storage time, and
(iii) the relatively high amount of water that is needed to produce the
lipid nanoparticles dispersion, which may increase the risk of microbi-
ological contaminations and need to add preservatives that induce side
reactions.

Since NLC incorporate a mixture of solid lipid and liquid lipid in their
composition, a more amorphous structure results in comparison to a
more organized structure of SLN. This results in NLC of higher loading
capacity for lipophilic drugs than SLN. The greater the matrix crystal-
linity, the lower the loading capacity. Over storage time, lipids show the
trend to reorganize in more stable polymorphic forms, and these changes
result in increased risk of drug expulsion from the matrices [104]. Soon
after production, matrices specially produced from triglycerides exhibit a
polymorphic form a, which is the least stable and most amorphous form,
and incorporates the greatest amount of drug. During the storage period,
these matrices turn into a more stable form, the p form which, because it
is more crystalline, will expel previously loaded drug molecules from the
lipid matrix.

5.1. Excipients for lipid nanoparticles

The main excipients used in lipid nanoparticles production are
essentially lipids, surfactants and water. The choice of lipid will directly
affect the physicochemical characteristics of the obtained nanoparticles,
i.e., their morphology, size, polydispersity and their zeta potential value.
In addition, the composition of the lipid will dictate its crystallinity and
as such the ability for the incorporation of drug molecules. In addition,
the organization of the lipid molecules at the matrix level can adopt three
distinct polymorphic forms, namely the amorphic form a, the ortho-
rhombic perpendicular form ' and the parallel triclinic form f. The
crystallinity increases from a, to ' and p.

The choice of the appropriate lipid lies mainly in the ability to solu-
bilize/disperse the drug, i.e., prior to production, a study of the lipid
profile should be carried out, which consists in reaching the highest drug
solubility in the lipid material [105]. For this purpose, several solid lipids
should be selected in the case of SLN production, or an ideal mixture of
solid lipid with liquid lipid in the case of NLC production. The lipids most
commonly applied in these systems for topical application are ceramides,
triglycerides, fatty acids and fatty alcohols. Usually, between 5 to 30% of
lipid is used for the production of SLN/NLC [104, 106]. As discussed in
the previous sections, several of these lipids composing SLN and NLC are
natural compounds of the skin and of sebum, which altogether ensure
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that these lipid nanoparticles are biocompatible, biotolerable and
biodegradable.

5.1.1. Lipids

The solid lipids commonly used for the production of lipid nano-
particles include mixtures of mono-, di- and triglycerides, such as Pre-
cirol®ATO5 (glyceryl distearate) [107, 108, 1091, Compritol*888ATO
(glyceryl dibehenate) [38, 110], Dynasan®114 (glyceryl trimyristate,
Ci14) [111,112], Dynasan®116 (glyceryl tripalmitate, Cy6) [113,114],
Dynasan®118 (glyceryl tristearate, C1g) [115], Imwitor®900K (mixture
of mono and diacylglycerols based on hydrogenated fatty acids con-
taining 40-55% glyceryl monostearate) [110], and Softisan®100
(mixture of triglycerides composed of fatty acids with chains from C;q to
Cig) [116,117].

Among commonly used fatty acids is stearic acid [118, 119], which is
a fatty acid saturated with an 18-carbon chain, C;g. Its application in SLN
and NLC promote flexibility to the lipid matrix, thus offering the op-
portunity to accommodate a high amount of drug molecules. Another
class of lipids derived from fatty acids are fatty alcohols, which are also of
high safety and tolerability. Examples are cetyl alcohol [120] and stearyl
alcohol [120, 121]. These types of lipids can be used with absorption
promoters due to the ability to cause disturbances in the lipid packaging
of the skin [120].

Ceramides are another class of highly applied solid lipids that are
mainly composed of esters of fatty acids and fatty alcohols. Other ex-
amples are cocoa butter [113, 122], carnauba wax [123], beeswax [123,
124] and cetyl palmitate [112]. Regarding liquid lipids, some oils rich in
fatty acids can be listed, such as almond oil [125], olive oil [125], oleic
acid [126, 127], squalene (shark liver oil) [128], ricin or castor oil [127,
129].

The most used medium chain triglycerides are miglyol®810 [130]
and miglyol®812 [131,132] (esters of caprylic acid), Labrafac® (medium
chain triglycerides derived from caprylic acid) [133], Labrafil® (glycer-
ides associated with polyethylene glycol esters (PEG)) [134, 135, 136],
Maisine® (glyceryl monolinolate) [137], Lauroglycol® (propylene glycol
monolaurate) [138] and Capryol® (propylene glycol monocaprilate)
[139].

5.1.2. Surfactants

Surfactants are an essential component for the production of nano-
particles, so that surface tension is reduced and particle distribution
facilitated. Surfactants are usually amphiphilic molecules whose hydro-
philic group is directed towards the aqueous phase and the lipophilic
group towards the oily phase of the nanoparticles. The knowledge of the
hydrophilic-lipophilic balance (HLB) of surfactants, which is directly
related to their solubility, is instrumental to select the best for the sta-
bility of a SLN/NLC composition [118]. The choice of the ideal surfactant
should respond to two principles, i.e., quantitative and qualitative
compatibility. Regarding quantitative compatibility, surfactants should
be used in low concentrations (0.5-5.0%) in the formulation due to their
ability to irritate the skin and often form other nanometric structures in
the formulation, such as micelles. The qualitative compatibility refers to
its chemical structure and the ability of its chains to interact and adjust
with the lipid chains on the surface of the nanoparticles to stabilize two
immiscible phases. These types of interactions are usually electrostatic,
since the lipophilic part of the surfactant is attracted by the lipid mole-
cules. A physical adsorption of these to the surface of the molecule can be
extended by the lipid chains composing the lipid matrix. The hydrophilic
groups of the surfactants are responsible for the repulsive forces between
particles, which depend on the volume of the dispersion and chemical
nature of the surfactant [140].

For the production of SLN and NLC, surfactants can be chosen ac-
cording to their HLB value and to the nature and structure of their
hydrophilic groups. Depending on the purpose, non-ionic, anionic and
cationic can be used [141, 142]. For safety reasons, the most
commonly used surfactants are non-ionic, which promote
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stereochemical stabilization of nanoparticles. Charged surfactants such
as anionic (negative charge) and cationic (positive charge) promote the
stability of nanoparticles by electrochemical stabilization resulting in
repulsion between them and, consequently, reducing the risk of parti-
cles sedimentation or aggregation. For topical application, to the use of
cationic surfactants may be an interesting option considering the
anionic character of the skin [143], to promote an electrostatic inter-
action between the particles and the skin. Cationic nanoparticles are
therefore not expected to penetrate into the skin but will increase
bioadhesion, the particles are retained longer onto the skin, which may
lead to improved absorption of the drug that is released from the
particles through the skin. Examples of cationic or positively charged
molecules that are described to stabilize lipid nanoparticles include
stearylamine [144, 145, 146], quaternary ammonium salts [110, 147],
and Esterquat 1 [146]. As for anionic or negatively charged surfactants,
these are usually applied as co-surfactants, at very low concentration
(<1%wt), and include bile salts, such as cholate and sodium
taurocholate.

The most widely used non-ionic surfactants in the production of SLN
and NLC are polysorbates (Tween® 20, 40, 60, 80) [117], sorbitans
(Span®20, 40, 60, 80), sorbitol esters (Mirj® 45, 52, 53, 59), tyloxapol
and triblocks of polyoxypropylene copolymers (poloxamers) [148]. Es-
ters of stearic, lauric, oleic and palmitic acids are also frequently
employed. Because of their non-irritation and non-toxic profile, non-ionic
surfactants are preferentially used, especially for dermal and transdermal
formulation as, unlike surfactants with ionic charge, non-ionically
charged molecules do not cause disruption of the lipids that make up
the skin [149].

Lecithins or phosphatidylcholines derived from soy or egg, are also
frequently used as surfactants, usually added to the inner lipid phase of
SLN/NLC dispersions as co-surfactants. Generally, soy lecithin contains
more saturated fatty acid chains than egg lecithin [106]. Besides their
role as co-surfactant in reducing the mean particle size due to their
amphiphilic character [150, 151], lecithins may act as absorption en-
hancers [152].

5.2. Production of lipid nanoparticles

The choice of the method to produce SLN and NLC will determine the
quality of the nanoparticles dispersion obtained, in particular, its mean
particle size, polydispersity, encapsulation efficiency and loading ca-
pacity for a certain drug, and also how the drug is accommodated in the
lipid matrices. Methods that promote the drug dispersion within the lipid
matrix will contribute to develop SLN/NLC with modified-release profile,
whereas methods that place the drug onto the surface of the particles will
promote an immediate release of drug which may only be useful for a
local/topical effect and less for dermal and transdermal drug release. The
factors that most influence the choice of method are the characteristics of
the drug to be loaded [105, 153], i.e. (i) solubility, (ii) molecular weight,
(iii) thermolability, (iv) susceptibility to oxidation and (v) the chemical
structure [24, 154]. Prior to any choice of method, a solid lipid must be
chosen, in the case of SLN production and in the case of NLC a mixture of
liquid and solid lipid that can solubilize or incorporate the largest amount
of drug to achieve the highest loading capacity (LC) and encapsulation
efficiency (EE) as possible. These parameters (LC and EE) are used as
quality indicators in the development of a certain SLN/NLC formulation
and are determined as follows:

1%
LCY% — —~loaded drug 4 1y
lipids

Wioaded drug

EF% = x 100

drug taken in production

where Wipqded drug refers to the mass of drug (g) that was quantified inside
the particles, the Wyp4; to the total mass of lipids (g) used in the
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production, and the Warg taken in production Tefers to the mass of drug
initially weighted and taken in the production process.

The literature describes several production methods to develop SLN
and NLC, which may or may not require the use of organic solvents [155,
156, 157, 158]. The most commonly applied method is the high-pressure
homogenization (HPH) which can be run either at cold or hot tempera-
ture. In both processes, the drug is solubilized or dispersed inpreviously
melted lipids. In the case of hot HPH, a hot aqueous surfactant solution is
added to the lipid phase heated at the same temperature, and this mixture
is homogenized by high shear or by means of ultrasounds to produce a
pre-emulsion. This pre-emulsion is then processed by the high-pressure
homogenizer for 3 to 5 homogenization cycles at 500 bar. After
reducing the particle size by cavitation forces, the obtained nano-
emulsion will be cooled so that the nanoparticles can be formed by
recrystallization of the lipid now composing the core of SLN/NLC. Cold
HPH undergoes a slight modification compared to hot HPH, which
happens immediately after solubilizing the drug in melted lipid phase,
when this mixture is cooled by liquid nitrogen or dry ice. This mixture is
subsequently ground in a mortar, producing microparticles that are
resuspended in an aqueous surfactant solution at room temperature. The
reduction of micro to nanoparticles occurs in the high-pressure homog-
enizer at room temperature or below. This process is suitable for ther-
molabile drugs. The cold HPH approach was developed to overcome
some flaws related to hot HPH, which include the risk of drug distribu-
tion in the aqueous phase during the homogenization process and
problems related to lipid crystallization, being able to avoid “supercooled
melts”. In the hot HPH and upon cooling the nanoemulsion, if the drug is
too hydrophilic, the lipid will recrystallize first creating the matrices onto
which the drug will be precipitated. For more lipophilic drugs and for the
cold HPH, the drug will be preferentially located inside the lipid matrices
contributing to achieve a modified release profile [159, 160].

The microemulsion method was firstly developed by Gasco et al
[161] and has been adapted by several research groups [119, 145, 162,
163]. In this method, and as happens with the hot HPH, the drug is added
to the melted lipids and an aqueous solution of surfactant is added at the
same temperature. This mixture is homogenized under high shear to
produce a micro emulsion and then diluted in cold water. This dilution
causes a thermal shock that breaks the microemulsion into a nano-
emulsion [164].

The double emulsion method emerged as an alternative to load hy-
drophilic drugs, firstly described by Garcia-Fuentes et al. [165], and
improved by Fangueiro et al. [117]. In addition to SFAs with hydrophilic
characteristics, the method can be applied for the incorporation of pep-
tides and proteins or labile API, where these will be incorporated in an
internal aqueous phase surrounded by a lipid matrix. These aqueous
droplets containing the API allow them to be protected from chemical
and/or enzymatic degradation. First, the hydrophilic drug is solubilized
in an internal aqueous phase and added to the lipid phase to form a
primary w/o (water-in-oil) emulsion through high sheer homogenization
or sonication. Secondarily, this w/o emulsion will be dispersed in an
external aqueous surfactant solution to form an w/o/w (water--
in-oil-in-water) emulsion [117]. In this method, at least two surfactants
are necessarily applied. The surfactant with a low HLB value will be
added to the lipid phase and is used to stabilize the first interface (w/0).
The second surfactant usually has a high HLB value and is added to the
external aqueous phase to stabilize the second interface (o/w) (oil-in--
water) [148]. This method is commonly referred as suitable for the
loading hydrophilic drug molecules, including peptides and proteins,
which are added to the inner aqueous phase of the first w/o emulsion,
prior to the production of the double emulsion. These inner aqueous
droplets protect the drug from chemical and/or enzymatic degradation
and usually result in higher EE and LC, when compared to methods that
require the use of high temperatures.

The solvent emulsification-evaporation method is usually applied
when the lipophilic drug is not soluble in lipids [166]. In this method, an
organic solvent, not miscible in water (cyclohexane, chloroform) but
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which solubilizes the lipid, is added to an aqueous solution of surfactant
to form an o/w emulsion. Then the organic solvent is removed by
evaporation. Prior to the production of o/w, the drug to be loaded is
added to the inner organic solution in which the lipid has been dissolved.

In the solvent displacement method, also called nanoprecipitation
method, a water-miscible organic solvent (e.g. ethanol, methanol,
acetone) is used to dissolve the selected lipid compounds to produce the
inner organic solution in which the drug is also added. It was initially
described for the production of polymeric nanoparticles [167], and later
adapted for SLN and NLC [168, 169, 170]. The lipid phase is injected into
an aqueous surfactant solution of under magnetic stirring. SLN/NLC are
formed after complete removal of the solvent by diffusion or distillation,
with precipitation of the particles [159].

In the solvent emulsification-diffusion method, a solution of a semi-
polar organic solvent capable of solubilizing the previously saturated
lipid is used to ensure thermodynamic balance. This solution is added to
an aqueous surfactant solution to obtain an o/w emulsion. The saturated
solution prevents the diffusion of the solvent from the droplets into the
aqueous phase. The formation of SLN and NLC is obtained by adding an
excess of water to the emulsion in order to facilitate the diffusion of the
droplet solvent [164, 171].

A phase inversion method has also been described to produce lipid
nanoparticles [172]. This method involves two steps. In the first stage, all
components are melted and magnetically stirred using a temperature
program that goes from 25 to 85 °C and then decreased to 60 °C. These
three temperature cycles are applied so that the phase inversion process
defined by that temperature range occurs. In the second stage, an irre-
versible shock is caused by the addition of ice water. This process leads to
the formation of nanoparticles.

Another method adapted from the production of polymeric nano-
particles has been described [173]. This method produces particles by
coacervation in a controlled manner, through the use of alkaline salts of
fatty acids. The basis of the method lies in the interaction of a micellar
solution of these salts (i.e. sodium stearate, sodium palmitate, sodium
myristate or sodium behenate) and an acid solution (coacervation solu-
tion) in the presence of an amphiphilic stabilizing agent of a polymeric
nature [173, 174]. SLN or NLC can be obtained by lowering the pH of the
medium. It is a simple, economically accessible and thermosensitive
method that allows the incorporation of various types of drugs and can be
easily scaled-up [175].

5.3. Incorporation of SLN and NLC and mechanisms of drug release

The literature describes three models for each type of lipid
nanoparticles, i.e., SLN and NLC [160]. The SLN models are described
according to the place of drug in the matrices, whereas NLC models
are described according to the type of lipid mixtures used to nano-
structure their cores. In SLN type I, the amount of drug and lipid is
equivalent, which will cause the precipitation of lipid and drug
together resulting in the homogeneous distribution of the drug in the
lipid matrix. In SLN type II, there is a greater amount of lipid
compared to the drug. In this case, the lipid will precipitate faster,
creating solid lipid cores onto which the drug will precipitate. This
type of nanoparticles provides the location of API preferentially on
the surface of the particles. For hydrophilic drugs, this type of SLN is
also observed as the drug molecules that escaped into the aqueous
phase will be placed onto the recently formed solid cores with the
cooling down of the dispersion. In SLN type III there is a greater
amount of drug relative to the lipid, then the precipitation of drug
occurs first and the lipid precipitates covering the drug cores. This
type of nanoparticles provides the location of the drug preferentially
in the nanoparticles core, being surrounded by lipids.

The location of the drug in the lipid matrix governs the release profile.
SLN type I will provide a prolonged release. SLN type II will offer a fast/
burst release, whereas SLN type III will provide a sustained release.
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With respect to the morphology of NLC, type I, or the imperfect
crystal model, is obtained when mixing solid lipids with sufficient
amounts of oils which hinder the capacity of the former in recrystalize in
a highly ordered form. The NLC type II or the amorphous model is ob-
tained when using special lipids (e.g., dibutyl adipate, hydroxy octaco-
sanyl hydroxystearate, isopropyl myristate) that do not recrystalize upon
cooling the nanoemulsion. The NLC type III, or the multiple model, is
obtained when mixing solid lipids with medium/long chain triglycerides
(MCT, LCT) in a ratio that the solubility of MCT or LCT in the selected
solid lipids is exceeded creating nanocompartments of oil entrapped in
the solid matrix. Amongst the three types, this multiple model promotes a
burst release followed by a prolonged release of drug [160].

5.4. Lipid nanoparticles for topical, dermal and transdermal application

The added value of lipid nanoparticles for skin administration can be
linked to properties, such as improved skin hydration, adhesiveness,
occlusion, lubrication and skin emollience, besides their use in delivering
the drug for local/topical action, or to exhibit a deeper action in the
dermis or systemically. The first barrier to overcome is the stratum cor-
neum. The lipids that make up this layer, namely ceramides, fatty acids
and cholesterol, form a continuous structure that hinders the passage of
certain substances [176]. On the other hand, lipid nanoparticles are
composed of lipids that resemble those existing both in the sebum and in
the skin itself. This may either promote dissolution of SLN/NLC in the
sebum followed by the release of the drug to have a topical or dermal
effect, or nanoparticles can enter the skin through different pathways and
appendages (as discussed above) reaching the systemic circulation and
have a transdermal effect.

Adhesiveness of nanoparticles to the skin is desirable for the purpose
of skin hydration and to increase the time of contact of the drug with the
skin, allowing to increase its cutaneous absorption. The smaller the size
the greater the surface of the particles available for skin adhesion [177].

Conventional topical formulations alone do not ensure long-term skin
hydration, particularly when the stratum corneum is excessively dry. An
ideal formulation to be applied on this type of skin wound be one with
the capacity to form a dense lipid film and create oclusiveness. The strong
adhesion of SLN onto human skin was confirmed by a stripping test
followed by electron microscopy analysis to detect the presence of the
lipid film, which explain the occlusion and hydration phenomena pro-
moted by SLN [178].

Regarding the occlusion caused by these systems, it is also mainly due
to their nanometric size, which in turn gives a huge surface area to the
particles when in contact with the skin [179]. Lipid nanoparticles reduce
the transepidermal water loss by evaporation with enhanced occlusion.
This phenomenon favors the penetration of the drug into the skin [180].
The occlusion factor depends strongly on the crystallinity of the nano-
particles [181], i.e., the higher the crystallinity of nanoparticles, the
higher the occlusion factor.

The occlusion factor of SLN and NLC has already been extensively
reported [181]. It is determined in vitro using the Vringer and Ronde test
[182]. The test is based on the placement of the formulation onto a
nitrocellulose filter paper on top of vial previously filled with water.
Evaporation of water is recorded at skin temperature (~32 °C) over a
period of time. As a reference, a vial with water and covered with filter
paper only is used.

Other features that nanoparticles offer to the skin include lubrication,
hydration and emollience. The emollience is mainly due to the spherical
structure that these particles usually present. This structure gives them
viscoelastic behaviour, which is commonly evaluated by applying oscil-
lation tests, obtaining information on the inter and intra-particle forces.
With these tests, it is possible to distinguish whether the formulation has
an elastic or viscous character [183]. Lipid nanoparticles also offer a
mechanical barrier to the skin, protecting it against harsh environments,
skin irritation and allergic reactions [183].
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Lipid nanoparticle formulations have a white color, and can be
dispersed into creams or gels to obtain semi-solid consistency and
appealing organoleptic properties. SLN and NLC are able to retain flavors
and promote an extended release of the fragrance over time when topi-
cally applied [183]. To ensure no skin irritation, SLN and NLC dispersions
should be compatible with the physiological pH of the skin, which is
slightly acidic (4.2-5.6) [184]. However, there are studies in which pH
strongly affects the physical and chemical stability of nanoparticles [185,
186].

Some authors have investigated the permeation of NLC containing
tripterin, drug for the treatment of melanoma [187]. The studies revealed
that the positive charges of the particles contributed to the increase in
percutaneous absorption of tripterin.

Sanna et al. [120] studied skin permeation of SLN and the results
showed that the permeation of econazole nitrate is dependent on the
structure of the lipid, namely fatty alcohols. In addition, they proved that
the permeation is increased due to the interaction of the lipids present in
the nanoparticles and the lipids that make up the skin structure. Another
research group analyzed the permeation of idebenone-loaded SLN, a
potent anti-oxidant drug from ubiquinone A [188]. The authors proved
that none of the tested SLN managed to permeate the deepest layers of
the skin, with the drug being more retained in the epidermis. Thus, the
aim is not always the systemic absorption of drug; in cases of sunscreens
and other cosmetic ingredients, the ideal is to be located on the surface of
the stratum corneum and epidermis, as its absorption into the systemic
circulation can lead to harmful effects.

Table 1 lists several examples of drugs that have been formulated in
SLN and/or NLC for topical, dermal and transdermal administration.

Table 1. Examples of drugs loaded in SLN and/or NLC for topical, dermal and
transdermal administration.

Drug Therapeutic properties Type of References
nanoparticle
Aceclofenac Anti-inflammatory SLN [189]
Anti-rheumatoid NLC [126]
Alpha-pinene Anti-inflammatory NLC [190,
Anti-cancer 191]
Betamethasone Atopic eczema SLN [108]
valerate
Citral Anti-cancer NLC [192]
Clotrimazole Anti-fungal SLN and NLC [104,
132]
Econazole nitrate Anti-fungal SLN [133]
Fluticasone Anti-inflammatory NLC [109]
propionate corticosteroid
Ketoprofen Anti-inflammatory NLC [133]
Lidocain Local anesthetic SLN and NLC [130]
Limonene Anti-cancer SLN [23]
Prednicarbate Atopic eczema SLN [108]
Psoralen Psoriasis SLN and NLC [128]
Resveratrol Anti-oxidant SLN and NLC [131]
Retinyl retinoate Anti-aging NLC [136]
Sildenafil citrate Erectile dysfunction SLN and NLC [137]
Vitamin A Anti-oxidant SLN [180]
Anti-tumoral

6. Conclusions

The skin is a complex and multifunctional organ, and many of its
characteristics ensure its barrier function, allowing the skin to constantly
adapt to variations in the external environment. One of the most
important functions of the skin is its ability to act as a protective barrier,
thus preventing foreign substances from entering the body and excessive
loss of endogenous material. Human skin imposes physical, chemical and
biological limitations on all types of permeating agents that can cross the
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epithelial barrier. The drug to be released passively through the skin
requires properties such as lipophilia, size, shape, molar mass, pKa and
HLB. These requirements have limited the number of products
commercially available for dermal and transdermal delivery. As a result,
several strategies have emerged in recent years to improve the perme-
ation of drugs through the skin. These strategies can be classified into
active and passive methods. The passive approach to increase the
permeability of the skin implies the optimization of the molecule, the
formulation or the use of nanoparticles with adequate dimensions,
shapes and composition. However, for drugs with a molar mass greater
than 500 Da, the result is, in most cases, insignificant. Active methods
that normally involve physical or mechanical actions to increase release
have shown interesting results. These methods have been successful for
drugs of different lipophilicity and molecular weight, such as proteins,
peptides and oligonucleotides. Among the methods, electrical (ionto-
phoresis, electroporation), mechanical (abrasion, ablation and perfora-
tion) and other energy related techniques such as ultrasound, radio
frequency, laser and temperature stand out. For these release methods to
compete with approaches already on the market, the main issues are
related to effectiveness, safety, reproducibility, cost-effectiveness and
scale-up facilities. The mechanisms that support the penetration and
diffusion of nanoparticles in the skin are not perfectly explained or even
critically addressed. The size of the nanoparticle is considered the most
important prerequisite for absorption. However, other properties, such as
the effect of surface charges, pKa and composition of the nanoparticles,
can modulate their entry into the skin. There is still a difficulty in
defining certain terms such as nanomaterials, nanoparticles, carriers,
drug delivery systems and vectors, which are used without care to clarify
the reader about their differences. When making comparisons on pene-
tration, stability and bioavailability, authors generally compare different
systems and results obtained by different methodologies. In-vitro or ex-
vivo permeation studies often lead the reader to believe that the results
obtained can be extrapolated to in-vivo evaluations. However, many as-
pects related to the skin barrier system, in particular enzymatic meta-
bolism are not considered. A starting point for understanding the
mechanisms involved in the skin permeation process must be a multi-
disciplinary approach to biological and pharmacotechnical problems.
The understanding of the mechanisms encountered in the permeation
process, and the ways to control, can make this administration route of
drugs stop being a promise and become a reality. Evidence exists that
lipid nanoparticles allow controlling and delivering various drugs for
skin permeation. Besides, their composition makes these systems safe for
dermatological and cosmetic use. However, for a lipid nanoparticle
formulation to be a successful product, aspects related to the right choice
of lipid for a certain drug, the surfactant, the production method and then
the appropriate choice of the final semi-solid (cream, gel) have to be
considered.
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