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attempts to deliver molecules through the skin.
The coverage is intentionally brief, since the aim
is to provide a basic understanding of the subject
area to prepare the reader for more advanced dis-
cussions in later chapters of this book. Also,
although this chapter describes human skin, it is
worth noting that many structural and functional
parallels can be drawn between human skin and
that of certain other animals. This caveat under-
pins the use of certain animal skin as in vitro
models for human skin research, as will be appar-
ent in some of the later chapters.

1.2 The Skin

1.2.1 Structure of the Skin

Human skin is a stratified epithelium, each tis-
sue layer consisting of different cell types that
perform distinct functions. It can be broadly
divided into the overlying epidermis, dermis and
underlying hypodermis (or subcutis) (Fig. 1.1).
The epidermis can further be subdivided, from
the outside to the inside, into the stratum cor-
neum (horny layer), stratum granulosum (granu-
lar layer), stratum spinosum (prickle cell layer)
and stratum basale (basal layer also called the
stratum germinativum). The stratum basale and
stratum spinosum are collectively known as the
Malpighian layer. An additional layer, the stra-
tum lucidum (clear layer) can be observed on
parts of the body with thickened skin, such as the
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palm and sole of the foot. However, the stratum
lucidum is often not considered a distinct epider-
mal layer but the lower part of the stratum cor-
neum. In addition, there are appendageal features
including hair follicles and sweat ducts that tra-
verse various skin layers.

1.2.1.1 Stratum Corneum: The Primary
Barrier

The stratum corneum is the outermost layer of
the skin. It is typically 10-20 pm thick and com-
posed of 10-15 layers of corneocytes (Agache
2004a; Williams 2003). Corneocytes are non-
living cells derived from terminally differenti-
ated keratinocytes that have originated from the
deeper layers of the epidermis. Morphologically,
corneocytes are flattened and elongated, mea-
suring about 0.2 pm thick and 40-60 pm wide
(Kashibuchi et al. 2002). Corneocytes have a cor-
nified envelope in place of a plasma membrane,
which is surrounded by a lipid coat. They lack
nuclei and cytoplasmic organelles but are filled
with keratin filaments and are interspersed in a
lipid-enriched extracellular matrix that also con-
tains protein/peptide components (Elias 2012).
This organisation of the stratum corneum is com-
monly referred to as the ‘brick and mortar’ model
(Elias 1983; Michaels et al. 1975), where the cor-
neocytes are likened to bricks and the extracel-
lular matrix analogous to the mortar in a brick
wall (Fig. 1.3). Corneocytes are connected by
corneodesmosomes and are continuously shed
from the skin surface via desquamation.
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Since diffusion across the stratum corneum is
considered as the major pathway of skin perme-
ation (see Sect. 1.3), the structural properties of
this layer have been extensively studied to eluci-
date its barrier function. Significant effort has
been focused on elucidating the role of stratum
corneum lipids, since the lipid-enriched extracel-
lular matrix is the only continuous domain in the
stratum corneum and thus likely to be pivotal to
its barrier function (Bouwstra et al. 2002). This is
supported by empirical data that demonstrate skin
penetration predominantly through the extracel-
lular matrix (Labouta et al. 2011), the marked
reduction in the skin’s barrier function following
stratum corneum lipid extraction (Sweeney and
Downing 1970), and that chemicals that disrupt
stratum corneum lipid organisation enhance skin
permeation (Williams and Barry 2004).

Through freeze-fracture electron microscopy,
Breathnach et al. (1973) first observed that the
extracellular space in the stratum corneum was
composed of a ‘laminated material’. It is now
understood that stratum corneum lipids are
organised into layers (lamellae) that run parallel
to the flat plane of the corneocytes. According to
the widely accepted Landmann model of skin
barrier lipid morphogenesis (Landmann 1986),
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stratum corneum lipids are initially secreted by
lamellar bodies found in keratinocytes and later
fuse to form continuous lipid lamellae in the
extracellular space. This model is supported by
evidence of lipid membrane extrusion and fusion
in the stratum corneum under electron micros-
copy (Madison et al. 1987). An alternative model,
the membrane folding model, postulates that the
extracellular lipid lamellae forms from single,
coherent lipid structures through a non-fusogenic
process (Norlén 2001a).

Ceramides, cholesterol and free fatty acids
are the main constituents of the extracellular
matrix, present in approximately equimolar pro-
portions (McGrath et al. 2004). Of these, cerami-
des account for approximately 50 % of stratum
corneum lipids by mass (Law et al. 1995).
Eleven classes of ceramides, encompassing 342
individual ceramide species, have been identi-
fied in the human stratum corneum (Masukawa
et al. 2008). Each ceramide molecule consists
of a sphingoid moiety (sphingosine, phyto-
sphingosine, 6-hydroxysphingosine or dihydro-
sphingosine) containing a polar head group and
a hydrocarbon chain and another hydrocarbon
chain derived from a fatty acid or fatty acid
ester moiety (Fig. 1.2). The polar head groups
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Fig. 1.2 Chemical structures of two stratum corneum
ceramides and their possible conformations. Ceramide 2
(CER2) is shown as a typical ceramide consisting of a
polar head group (dotted circle) and two hydrocarbon
chains derived from a fatty acid and a sphingoid moiety,
respectively. In CER2, the hydrocarbon chain derived
from the fatty acid is 24 carbon atoms long, exemplifying
the typical hydrocarbon chain length for this portion of
ceramide molecules. Ceramide 1 (CERI1) is shown to

o

illustrate its exceptionally long fatty acid ester-derived
hydrocarbon chain compared to the typical ceramide mol-
ecule (CER2). The inset shows two possible molecular
conformations of ceramides, the ‘hairpin’ or ‘tuning fork’
conformation, where hydrocarbon chains point in the
same direction, and the extended or ‘splayed chain’ con-
formation, where the hydrocarbon chains point in oppo-
site directions
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of ceramides can form lateral hydrogen bonds
when organised in lattice structures within lipid
bilayers. The hydrocarbon chains are mostly sat-
urated, with few exceptions, and exhibit chain
length distribution (Bouwstra and Gooris 2010;
Masukawa et al. 2008). Notably, those cerami-
des containing a fatty acid ester moiety have an
exceptionally long hydrocarbon chain. To illus-
trate this, the typical ceramide contains a total
of 38—54 carbon atoms, whereas fatty acid ester-
containing ceramides contain a markedly larger
number (66-72) of carbon atoms (Masukawa
et al. 2008). Like ceramides, the free fatty
acids found in the human stratum corneum are
mostly saturated. Cholesterol fluidises the stra-
tum corneum lipid bilayers at skin temperature
(Zbytovska et al. 2008). There also exists cho-
lesterol sulphate, typically at 2-5 % weight ratio
of total stratum corneum lipids, which appears
to facilitate the formation of the lipid lamellae
and stabilises the stratum corneum by inhibiting
enzymatic degradation of corneodesmosomes
(Sato et al. 1998).

The precise molecular arrangement of stratum
corneum lipids within the extracellular matrix
remains a subject of intense investigation. Under
electron microscopy with ruthenium tetroxide
fixation, the extracellular lipid matrix displays
characteristic, alternating ‘broad-narrow-broad’
lucentbands (Madisonetal. 1987; Swartzendruber
et al. 1989). This trilamellar motif, with a repeat
distance (periodicity) of approximately 13 nm, is
known as the long periodicity phase (LPP). This
is in contrast with the short periodicity phase
(SPP), which has a periodicity of approximately
6 nm but has not been observed in some animal
species. For this reason, the LPP is considered to
be more important for the skin’s barrier function
and thus has been the focus of most investiga-
tions into stratum corneum lipid organisation.
X-ray diffraction analysis has revealed that the
extracellular lipids are packed into hexagonal or
orthorhombic lattices along the plane parallel
with the lamellae, orthorhombic packing being
denser than hexagonal. Based on these and other
supporting observations, a number of molecular
models have been proposed to elucidate stratum
corneum lipid organisation:

* The model proposed by Swartzendruber et al.
(1989) describes a repeat unit (Landmann unit)
of the extracellular lipid lamellae comprising
two lipid bilayers. Ceramides in each appos-
ing bilayer assume the ‘splayed-chain’ confor-
mation (Fig. 1.2) and, in so doing, contribute
hydrocarbon chains to form a lipid monolayer
between the bilayers that holds the two bilay-
ers together.

¢ The domain mosaic model (Forslind 1994)
describes an intracellular lipid matrix where
polar lipids are segregated in crystalline
domains surrounded by liquid crystalline
‘grain borders’. It is postulated that the liquid
crystalline ‘grain borders’ provide a diffusion
pathway for hydrophobic molecules to pene-
trate the skin.

¢ The ‘sandwich’ model (Bouwstra et al. 2000,
2001, 2002) describes alternating crystalline
and liquid phases within the LPP. The repeat-
ing unit in this model comprises three lipid
layers, namely, a middle, narrow liquid phase
sandwiched between two adjacent, broad crys-
talline phases. Ceramides are packed into a
crystalline lattice within the broader phases,
but the long linoleate moieties in ceramide 1
and ceramide 4 protrude beyond the thickness
of the crystalline phases into the space between
the crystalline phases to form the narrow lig-
uid phase with cholesterol. It is postulated that
the liquid phase represents the main perme-
ation pathway within the LPP. In this model,
ceramides are typically depicted in the ‘hair-
pin’ (or ‘tuning fork’) conformation (Fig. 1.2).

e The single gel phase model (Norlén 2001b)
describes the extracellular lipid matrix as a
single and coherent lamellar gel phase, with
no phase separation.

* The model proposed by Hill and Wertz (2003)
describes three lipid layers of equal thickness
within the LPP. According to this model, the
broad-narrow-broad motif observed under
electron microscopy with ruthenium tetroxide
fixation is an artefact. It is suggested that
unsaturated linoleate or sphingosine moieties
are asymmetrically distributed in the central
lamellae but not the outer lamellae, resulting
in the reduction of a greater amount of the
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fixative agent and hence an apparently nar-

rower central band.

* The model presented by McIntosh (2003) has
lamellae composed of twin lipid bilayers, with
an asymmetric distribution of cholesterol and
ceramide 1 in apposing monolayers of each
lipid bilayer.

* The model of Schréter et al. (2009) suggested
that the SPP is formed from lipid bilayers
composed of short-chain ceramides, with the
long-chain ceramide 1 spanning multiple lipid
bilayers. Cholesterol is distributed homoge-
nously within the lipid bilayers.

More recent work has shown that ceramides
are fully extended in the stratum corneum, with
the two hydrocarbon tails of each ceramide mol-
ecule pointing in opposite directions centred on
the polar head of the sphingoid moiety (Iwai
etal. 2012).

1.2.1.2 Viable Epidermis

Excluding the stratum corneum, the rest of the
epidermis is composed of nucleated cells and
therefore collectively referred to as the viable
epidermis. The viable epidermis is typically
50-100 pum thick (Gentilhomme and Neveux
2004) and devoid of blood capillaries and sen-
sory nerve endings. It is composed primarily of
keratinocytes (95 %), with the remainder being
Langerhans cells, melanocytes and Merkel
cells. Keratinocytes arise from the stratum
basale and undergo progressive differentiation
whilst migrating towards the stratum corneum.
Keratinocyte differentiation is characterised by
increasing keratinisation (formation of intracel-
lular networks of keratin fibres), the formation
of the lamellar bodies that secrete stratum cor-
neum lipids and the loss of intracellular organ-
elles and nuclei. The process culminates in the
formation of corneocytes in the stratum cor-
neum. Keratinocyte differentiation serves to
maintain the stratum corneum by replenishing
stratum corneum lipids and corneocytes lost via
desquamation.

1.2.1.3 Dermis
The dermis, typically >1 mm thick (Agache
2004b; Williams 2003), comprises the bulk of

the skin and is responsible for its elasticity and
strength. It is composed principally of fibroblasts
in an extracellular matrix of structural proteins,
mainly collagen and elastin. It also contains a
range of immune cells including macrophages
and dermal dendritic cells. The dermis can be
subdivided into the upper papillary dermis and
the lower reticular dermis, which can be distin-
guished microscopically from each other by the
thinner and looser packing of collagen fibres in
the papillary dermis. The papillary dermis con-
tains papillae that interdigitate with the basal
layer of the epidermis at the dermo-epidermal
junction. The dermis contains hair follicles, sweat
glands, sebaceous glands, sensory nerve endings,
lymphatic vessels and blood capillaries which
extend to the dermal side of the dermo-epidermal
junction. This allows nutrient and oxygen deliv-
ery to, as well as waste removal from, the avas-
cular epidermis to occur by diffusion across the
dermo-epidermal junction.

1.2.1.4 Hypodermis

The hypodermis is the innermost layer of the
skin. However, its absence is notable in some
lean skin, such as that on the eyelid. The hypo-
dermis is composed mainly of subcutaneous fat.
Embedded in this skin layer are larger lymphatic
and blood vessels.

1.2.2 Functions of the Skin

The primary function of the skin is to sepa-
rate the internal physiological environment of
the body from the external non-physiological
environment. To put it plainly, it serves to ‘keep
the insides in, and the outsides out’ (Williams
2003). The skin barrier is physical, chemical and
immunological in nature. The physical barrier is
provided primarily by the stratum corneum, that
is to say, traversing the stratum corneum is usu-
ally the rate-limiting step in substance exchange
between the body and the environment via the
skin. This physical barrier is responsible for regu-
lating not only the ingress of exogenous materials
but also preventing excessive water loss from the
body. The chemical barrier is known as the ‘acid
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mantle’. The skin owes its chemical barrier func-
tion to the acidic (pH 4-6) nature of the skin sur-
face which protects the body in two ways. Firstly,
it confers selective antimicrobial properties to
the skin by maintaining the natural skin micro-
flora, which live optimally in an acidic environ-
ment, whilst arresting the growth of pathogenic
microorganisms which thrive in alkaline environ-
ments. Secondly, it helps maintain the integrity
of the stratum corneum barrier since many skin
enzymes pivotal to stratum corneum lipid homeo-
stasis (e.g. p-glucocerebrosidase and sphingomy-
elinase) have a pH optima within this pH range
(Bowser and Gray 1978; Takagi et al. 1999).
Sebaceous glands in the skin, which secrete
sebum, perform a similar function. Following
its secretion to the skin surface, sebum forms
a greasy film on the skin, which waterproofs
the skin to maintain hydration and suppleness.
Sebum also contains antimicrobial constituents.

The skin is also an immune-competent organ.
A range of immune cells including Langerhans
cells, dermal dendritic cells and macrophages
are found in the skin (Zaba et al. 2008). These
cells conduct immune surveillance and defend
the body against invading microorganisms. They
are antigen-presenting cells capable of priming
naive T lymphocytes to elicit a primary immune
response against newly encountered antigens.
This is an important role of the skin considering
a compromised skin barrier is a common route
of pathogen entry into the body. There is also an
increasing body of evidence that supports a role
for some skin dendritic cell subsets in inducing
immune tolerance (Romani et al. 2012), which
is equally important for maintaining immune
homeostasis.

Moreover, the skin has an important role in
thermoregulation, allowing thermal energy to be
dissipated or conserved. Thermoreceptors in the
skin detect heat and cold; they provide sensory
input to the hypothalamus, which then invokes a
range of thermoregulatory mechanisms to achieve
temperature homeostasis. Adipose tissue in the
hypodermis insulates the body from cold and pre-
vents excessive heat loss from the body. Body
hairs on the skin provide additional insulation by
trapping a thin layer of air on the skin surface. This
effect is maximised by the erecting of hairs, via

constriction of the arrector pili muscle. Perspiration
secreted through sweat pores on the skin surface
helps reduce body temperature by dissipating heat
from the body through the evaporation of water in
sweat. Blood vessels in the skin dilate or constrict
to adjust the blood flow and heat loss across the
large skin surface area. These thermoregulatory
mechanisms work in concert to help maintain a
constant core body temperature of about 37 °C.

Apart from heat and cold, sensory nerve end-
ings in the dermis detect touch, vibrations and
pain. These sensations are critical to other func-
tions of the body, such as locomotion and coordi-
nation. The ability to sense pain alerts us of
danger and is crucial to survival.

Furthermore, the skin carries out important
metabolic functions. Adipocytes in the hypo-
dermis store excess energy in the form of sub-
cutaneous fat, which can be mobilised rapidly
during energy deprivation. The epidermis is
the primary site of vitamin D synthesis in the
body (Bikle 2011). The process, photolysed by
ultraviolet irradiation, produces a precursor for
vitamin D in the stratum spinosum and stratum
basale, which is then converted into vitamin D by
keratinocytes.

The skin additionally serves an excretory
function, as minerals and other organic wastes
are released through the skin dissolved in sweat.
The hypodermis also provides mechanical pro-
tection to inner organs by cushioning the body
against physical shock.

1.3  DrugPermeation Through

the Skin

The skin is a selectively permeable barrier. As
such, different drugs permeate through the skin at
different rates. The rate of drug permeation is
expressed as the flux (J), i.e. the amount of drug
permeated per unit area, per unit time (usually pg
cm? h!). The flux is determined by (a) the
permeability of the skin to the permeant and (b)
the concentration gradient (AC) of the permeant
across the skin (usually pg ml™!), according to
Eq. 1.1:

J =K, AC (1.1)
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In Eq. 1.1, skin permeability is defined by the
permeability coefficient, K, (usually cm h™).
Assuming passive drug absorption, the permea-
bility coefficient is a combined measure of the
partition coefficient (P, which depicts how read-
ily the permeant partitions from the formulation
into the skin), the diffusion coefficient (D, which
measures how readily the permeant diffuses
through the skin) and the diffusional path length
(h), according to Eq. 1.2:
P.

K, = 7 (1.2)
The processes of partitioning and diffusion (and
thus skin permeability, according to Eq. 1.2) are
highly dependent on the physicochemical proper-
ties of the permeant, such as molecular mass and
hydrophilicity. As a general rule, molecules that
permeate the skin most readily have a molecular
mass of <500 Da and are moderately hydrophilic,
with an octanol-water partition coefficient (log
P octanoiwarer) Of 1-3. The quantitative relationship
between skin permeability (defined by K,),
molecular mass (MW) and hydrophilicity
(defined by 10g Pocianolwater) 1S Widely described
using Eq. 1.3 (Potts and Guy 1992):

~0.0061- MW —2.74
(1.3)

logK, =0.71-log P,

octanol —water

Other factors that may influence skin permeation
include hydrogen bond activity, molecular vol-
ume, melting point and solubility. Other mathe-
matical models have been devised to relate the
role of these parameters to skin permeation
(Magnusson et al. 2004; Moss et al. 2002).

1.3.1 Permeation Pathways

A molecule can permeate through the skin via
either the transepidermal pathway (diffusing
across the skin layers) or the appendageal pathway
(through hair follicles or sweat ducts) (Fig. 1.3).
The combined flux of these two pathways deter-
mines the overall observed flux across the skin.

1.3.1.1 Transepidermal Pathway

In the transepidermal pathway, the permeant tra-
verses the intracellular and/or extracellular spaces,
from the epidermis to the dermis and hypodermis.
The molecule may do so either transcellularly or
intercellularly. The transcellular route requires that
the permeant traverse the alternating layers of cells
and extracellular matrix. This involves a sequence
of partitioning and diffusion into alternating
hydrophilic and lipophilic domains. The cells and
substances that comprise the hydrophilic or lipo-
philic domains vary between skin layers, but gen-
erally the interiors of cells are more hydrophilic
than the extracellular matrix. In the intercellular
route, the permeant navigates the tortuous path
within the extracellular matrix, without traversing
the cells. Small hydrophilic molecules generally
favour the transcellular route over the intercellular
route and vice versa for lipophilic molecules.

1.3.1.2 Appendageal Pathway

The appendageal (or shunt) pathway encom-
passes permeation through hair follicles (the
transfollicular route) or sweat ducts. The
transfollicular route has gained significant
research interest in recent years and is covered in
a separate chapter (Chap. 5).

Appendage )
(hair follicle, Drug formulation Co‘rngoc’yte
sweat duct) (‘brick’)

V \
(a) (b)
Fig. 1.3 Drug permeation pathways in the skin (stratum

corneum shown): (a) the appendageal route, (b) the
transcellular route, and (c¢) the tortuous extracellular route.
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The transcellular and intercellular routes constitute the
transepidermal pathway
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1.3.1.3 Relative Contributions
of Permeation Pathways

It is widely accepted that the transepidermal
pathway is usually the predominant pathway of
skin permeation and that under sink conditions,
diffusion across the stratum corneum constitutes
the rate-limiting step that determines the overall
flux of the permeant. The contribution of the
appendageal pathway to percutaneous transport
is generally considered secondary, since append-
ageal features typically account for only around
0.1 % of skin surface area (though this is higher
at some body sites such as the forehead), and
early studies suggested that the spatial density of
appendages did not correlate with the flux of per-
meants across the skin (Scheuplein 1967).
Nonetheless, the relative contribution of these
pathways will vary depending on the physico-
chemical properties of the permeant and the for-
mulation. Highly lipophilic drugs may be retained
in the lipophilic stratum corneum and resist parti-
tioning into the more hydrophilic viable epider-
mis. Thus, clearance from, rather than diffusion
across, the stratum corneum may then become
the rate-limiting step for highly lipophilic drugs.
Similarly, the appendageal pathway may be more
important for highly hydrophilic molecules such
as caffeine (Trauer et al. 2010) and electrolytes,
as well as large molecules with low diffusion
coefficients which are thus effectively precluded
from the transpidermal pathway. The relative
importance of each pathway may also change
with time — various studies have shown that the
appendageal pathway rapidly but transiently pre-
dominates before being overtaken by the tran-
sepidermal pathway at steady state (Liu et al.
2011; Saar et al. 2011; Scheuplein 1967).

Conclusion

The skin owes its barrier properties primarily to
the stratum corneum. The unique lipid compo-
sition and organisation within the stratum cor-
neum are key determinants of skin permeability,
which has important implications for drug per-
meation through the skin. Painstaking research
in the last few decades has elucidated the mech-
anisms of drug transport through this highly
effective barrier and generated structure-activity

relationships that permit accurate prediction of
drug permeation profiles. However, the chal-
lenge remains that the majority of drugs do not
exhibit satisfactory skin permeation and inno-
vative strategies are needed to enhance their
uptake via the skin. Many such innovations are
described in detail within the following special-
ised chapters of this book.
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