
R

T

G
a

b

c

a

A
R
A
A

K
S
S
F
B
B
G

C

1

s
(
s
m
w
s
l
1
d
fl
1

0
h

International Journal of Pharmaceutics 435 (2012) 3– 9

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

jo ur nal homep a ge: www.elsev ier .com/ locate / i jpharm

eview

he  structure  and  function  of  the  stratum  corneum

opinathan  K.  Menona, Gary  W.  Clearyb,  Majella  E.  Lanec,∗

Global R&D, ASI Corporation, 1361 Alps Road, Wayne, NJ 07470, USA
Cyterion, Inc., 26410 Silent Hills Lane, Los Altos Hills, CA 94022, USA
Department of Pharmaceutics, School of Pharmacy, University of London, 29-39 Brunswick Square, London, WC1N 1AX, United Kingdom

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 4 May  2012
ccepted 1 June 2012
vailable online 15 June 2012

a  b  s  t  r  a  c  t

Over  the  past  150  years  the  skin’s  structure  and  function  has  been  the  subject  of  much  investigation  by
scientists.  The  stratum  corneum  (SC),  the  skin’s  outermost  layer  and  interface  with  the  outside  world
is now  well  recognized  as  the  barrier  that prevents  unwanted  materials  from  entering,  and  excessive
loss  of water  from  exiting  the  body.  This  review  summarizes  the  major  advances  in our understanding
of  this  formidable  membrane.  The  structure  of  the  SC  is  outlined  as well  as  techniques  to  visualize  the
eywords:
tratum corneum
tructure
unction
iophysical tools
arrier repair

barrier.  The  lipid  organization  and  ionic  gradients,  as  well  as the metabolic  responses  and  underlying
cellular  signalling  that  lead  to barrier  repair  and homeostasis  are  discussed.  Finally,  a brief  overview  of
the molecular  and  genetic  factors  that  determine  the development  of  a competent  permeability  barrier
is provided.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction and historical background

The multilamellar structure of skin has been of interest to
cientists since the 19th century. The early work of Homalle
1853) followed by Duriau (1856) recognized that skin layers, and
pecifically the epidermis and dermis, had different degrees of per-
eability. In a series of studies from 1924 to 1929, Hermann Rein
as the first to demonstrate the presence of a barrier between the

tratum corneum (SC) and viable epidermis based on the physio-
ogical behaviour of isolated human skin (Rein, 1924, 1925, 1926,

Burch (1944) confirmed that tape stripping, sand papering or chem-
ical insult to the SC essentially removes skin barrier function and
the later seminal work of Blank (1953) proved conclusively that the
barrier function lay in the SC.

Over the recent decades, new methods of visualization
(microscopy based on light, electrons, laser scanning confocal, scan-
ning electrochemical micro laser and vibrating probe techniques)
and physical characterization (infrared spectroscopy, thermal and
X-ray diffraction techniques) became available to scientists. These
found many applications in studying the barrier property of pro-
929). The next 20 years flourished with studies that provided more
efinition to the barrier properties of skin, some of which were con-
icting or even incorrect (Hediger, 1928; Miescher, 1931; Rothman,
934; Wolf, 1939; Miescher, 1941). Wolf (1939),  and Winsor and

∗ Corresponding author. Tel.: +44 207 753 5821; fax: +44 870 165 9275.
E-mail address: majella.lane@btinternet.com (M.E. Lane).

378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2012.06.005
teins, lipids and water found in various cellular biomembranes
(Potts et al., 1985; Golden et al., 1986; Turner and Nonato, 1997).
With reference to skin, these techniques allowed the detailed
characterization of the membrane’s structure and permeability
with implications for the fields of drug delivery as well as toxi-

cology. Importantly, candidate selection for passive transdermal
and topical formulations, as well as an understanding of the var-
ious approaches to develop (trans)dermal delivery systems was

dx.doi.org/10.1016/j.ijpharm.2012.06.005
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:majella.lane@btinternet.com
dx.doi.org/10.1016/j.ijpharm.2012.06.005
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lso advanced by these investigations (Scheuplein, 1967; Katz and
oulsen, 1971; Michaels et al., 1975; Albery and Hadgraft, 1979;
achado et al., 2010).
In the past 20 years new paradigms on skin structure and its bio-

hemistry, particularly the stratum corneum and viable epidermis
ave been elucidated. This has lead to a better understanding of
kin permeability, barrier homeostasis, as well as the finer details
f the two compartment model of the stratum corneum. Newer and
iverse visualization tools ranging from devices to fluorescent dyes
nd tracers have helped reach the current state of knowledge of the
tratum corneum. At the biochemical level, an enormous amount
f data on the importance of lipids, especially the ceramides (Long
t al., 1985; Wertz et al., 1985; Downing et al., 1987) has been
enerated. We  now understand that these molecules are not just
esponsible for formation of the compact intercellular lamellae,
he primary basis of the permeability barrier, but that they also
isplay diverse signalling functions necessary for cell proliferation
nd programmed cell death (Uchida et al., 2000; Holleran et al.,
006). The molecular investigations have been complemented by
he application of spectroscopic, X-ray diffraction and other related
echniques. Interrogation of the lipids in relation to hydration or
emperature dependent changes in phase behaviour (Thewalt et al.,
992; Fenske et al., 1994; Kitson et al., 1994; Bouwstra et al., 1996,
997, 1999) has provided much insight into their critical functions.
lthough impossible to review all these facets of barrier research in
ne article, most of the above mentioned aspects will be discussed
urther; albeit briefly, in the next sections.

. Structure of the stratum corneum

The stratum corneum has an elegantly simple two-
ompartment structural organization at the light microscopic
evel, with the corneocytes embedded in a lipid matrix, as visual-
zed by frozen sections, swollen in alkaline buffer and stained with

 dye (Christophers and Kligman, 1964), or when stained with Nile
ed, a fluorescent lipid stain (Simonetti et al., 1995). This prompted
ts comparison to a “brick and mortar system” (Fig. 1) originally
escribed by Michaels et al. (1975).  At the ultrastructural level,
oth the bricks and the mortar components of the paper-thin SC
ave incredible structural and functional complexity, metabolic
daptations and ability for autopoesis (self-maintenance by con-
tant renewal), and several attributes of a smart material (Menon
nd Elias, 2001) which will be expanded on further in a later
ection.

The main structural components of this composite system may
e represented by a cartoon (Fig. 2).
) The corneocytes: stacked up to 18–20 layers depending on the
anatomic location in the body; these provide the physical bar-
rier.

Fig. 1. Brick and mortar structure of the stratum corneum: corneocy
of Pharmaceutics 435 (2012) 3– 9

2) Corneodesmosomes: functioning as “spot weldings” or “rivets” to
hold the corneocytes together. Desmosomes are programmed
to go through a gradual degradation process so as to enable the
orderly desquamation of outermost, worn-out corneocytes.

3) The mortar lipids filling the tortuous pathway between the stacked
corneocytes: a highly complex mixture of about 13 species of
ceramides, cholesterol, and free fatty acids in an equimolar ratio;
these provide the permeability barrier.

4) A battery of lipolytic and proteolytic enzymes: involved in the pro-
cessing of pro-barrier lipids and degradation of desmosomes,
respectively, they contribute to ongoing biochemical activities
in the stratum corneum, which was  once thought to be inert and
dead.

5) The secreted contents of epidermal lamellar bodies at the interface
of stratum corneum and the stratum granulosum: these are the
pro-barrier lipids which give rise to the multiple lipid lamellae
of the SC and which are interspersed with the enzymes and anti-
microbial peptides.

All these components are crucial to the stratum corneum bar-
rier, which is viewed as a challenge to transdermal drug delivery.
Interfering with, or altering the functional properties of any one of
these components can weaken the barrier.

3. Visualization tools to study the SC

The major visualization techniques to study the SC to date may
be classified as follows:

a) Optical microscopy. Conventional light and fluorescence
microscopy confirmed the basic concept of lipids being
sequestered into the extracellular spaces surrounding corneo-
cytes, as well as the progressive change in the profile of lipids
from the base to the top of the stratum corneum (Brody, 1989;
Veiro and Cummins, 1994). Laser confocal and two photon
microscopy used in conjunction with a vast array of newer
fluorescent tags and dyes (such as marketed by Molecular
Probes®) have revealed ion fluxes and pH changes with great
accuracy (Prausnitz et al., 1996; Hanson et al., 2002).

b) Chemical microscopy and physical imaging techniques.  Polarized
light microscopy, acoustic microscopy, vibrational (infra red and
Raman) microscopy and photon tunnelling (Dines et al., 1984;
Groh et al., 1992; Lieberman et al., 1996; Zhang et al., 2007) have
all contributed to the understanding of corneocyte structures,
defining the biophysical and molecular properties of lipids and

the effects of temperature and absorption promoters on barrier
lipid behaviour. Stimulated Raman scattering (SRS) microscopy
(Freudiger et al., 2008) is an exciting, label-free technique that is
currently being fine-tuned for imaging sebaceous as well as SC

tes as bricks, and intercellular lipids (arrowheads) as mortar.
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of enzymes at the stratum corneum–stratum granulosum inter-
face. The significance of the, highly cross-linked cornified envelope,
and the role of filaggrin protein inside the corneocyte in forming a
proper “scaffold” for the mortar lipids has also come to light in more
Fig. 2. Stru
Courtesy of Sean Cleary)

lipids, besides solvents (DMSO) or drugs (retinol) that permeate
the SC.

c) Electron microscopy (EM). Transmission electron microscopy
(TEM) is possibly the singularly most important visualization
tool that shaped the current understanding of skin barrier lipid
organization, its alterations by chemical and physical penetra-
tion enhancers, and the structural basis of a ‘pore-pathway’ in
the stratum corneum (Menon & Elias, 1997) which has been
much debated in the past (Flynn, 1989).

Along with conventional TEM (with OsO4 and RuO4 post-
fixation to visualize SC lipids), techniques which employ special
ion capture, cytochemical imaging of ion gradients, freeze
fracture, immuno EM for specific, subcellular localization of
proteins, cryo EM for circumventing fixation artefacts in fine
structure, cryoelectron diffraction for local variations in lipid
organization, have been applied to the study of the SC (Pfeiffer
et al., 2000; Vielhaber et al., 2001; Menon, 2002; Norlén et al.,
2003). These have greatly advanced our understanding of, not
only the SC, but also have allowed tracking of the tracers and
drugs delivered via passive or active trans-dermal systems.
Scanning electron microscopy (SEM), especially environmental
SEM or variable pressure SEM which do not require dehydration
or coating of the samples have been particularly instructive in
this regard.

) In vivo confocal reflectance microscopy and confocal Raman
microscopy, as well as several non-invasive techniques for
monitoring the pH, TEWL, hydration, elastic module, sebum
secretion, and blood flow have enhanced our ability not only
to monitor drug delivery, but also to monitor the local effects of
such treatments, including the process of barrier recovery locally
(Fluhr et al., 2000; Caspers et al., 2001; Sauermann et al., 2002).
Thus we now understand not only the chemical and biophysical
properties of SC, but also we may  define where in the SC specific
microdomains are located (pools of water, pH microdomains,
permeated molecules, depots of drugs within the SC).

. Current understanding of skin barrier function
Skin provides barriers to diverse physical and chemical stressors
hat it encounters in the environment, including xenobiotics orig-
nating from industrial, agricultural and recreational activities. As
kin is not just the limiting boundary layer; but also our interface
of the skin.

with the habitat, it functions as a dynamic feature rather than a
fixed, inflexible barrier layer, as several recent reviews and books
have emphasized (Elias and Feingold, 2006; Tobin, 2006; Menon
and Kligman, 2009). Its fine structural organization as a composite
material also has changed the view of SC as a uniform “membrane”
once prevalent in the Pharma industry.

Corneocytes. Although it had been established earlier that the
permeability barrier was located in the SC, in the 1970s the mem-
brane was  regarded as an inert “basket weave” of terminally
differentiated flattened and enucleated cells filled with keratin
and bounded by a cornified envelope. A series of investigations
in the next decade, employing ultrastructural methods dispelled
the notion of the SC as a passive occluding membrane of the epi-
dermal machinery below. These studies, reviewed by Elias (1991),
unravelled the true nature of the SC organization (Fig. 3) and the
formation of the barrier by secretion of epidermal lamellar bod-
ies, enriched in cholesterol, sphingolipids, fatty acids and a battery
Fig. 3. Electron microscopy image of the stratum corneum–stratum granulosum
interface.
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such as proteases (leading to desquamation of corneocytes) and
Fig. 4. Epidermal lamellar body from murine epidermis: OsO4 post fixation.

ecent investigations (Presland et al., 2001, 2004). Filaggrin muta-
ions are now known to underlie several disorders of cornification
nd atopic dermatitis (Sandilands et al., 2009).

SC homeostasis. Stratum corneum maintains its homeostasis,
hat is, renewal and replacement of exfoliated cell layers by a
eries of well balanced events. These include epidermal prolifer-
tion, and progressive differentiation involving synthesis of lipid
nriched lamellar bodies (LB), secretory organelles ranging from
.2 to 0.5 �m in diameter (Fig. 4). Synthesis and sequestration of
eratin protein within the corneocytes leads to the formation of
he thickened corneocyte membrane. The secretion of LB before the
ornification process allows the lipids to surround each corneocyte
aving been sequestered in the extracellular space of the stratum
orneum. Thus, this tissue is characterized by the “brick-and-
ortar” organization where the corneocytes forming the ‘bricks’

nd extracellular lipids can be represented as the “mortar”.
Lamellar bodies (LB). Synthesis of LBs begins at the suprabasal

pidermal layer, and culminates in the uppermost cells of the stra-
um granulosum, where they occupy about 20% of the cell volume.
hey are polarized to the apical border of the uppermost SG cell
subjacent to the SC), and secreted contents of LBs occupy the inter-
ace between these two layers (Fig. 4). The use of water soluble
racers such as colloidal lanthanum showed that both the efflux
nd influx of water across the SC is blocked at the site where the
Bs are secreted, i.e. the SG–SC junction (Elias and Brown, 1978;
andmann, 1988). Freeze fracture studies and ruthenium tetroxide
ost-fixation techniques (Madison et al., 1987; Hou et al., 1991)
elped elucidate the sequence of events that follow the secre-
ion of epidermal lamellar bodies involving the fusion of disk like
ontents of the LBs, and their progressive conversion to tight lamel-
ar sheets occluding the space between the adjacent corneocytes
and the corneodesmosomes that hold them together). Cytochem-
cal localization, as well as experimental studies with various
nzyme inhibitors further delineated the role of enzymes (lipases,
hospholipase, sphingomyelinase, B glucocerebrosidase, choles-
erol sulphatase) in conversion of these disks into the compact
amellar structures that surround the corneocytes (Elias et al., 1984;

enon et al., 1986; Holleran et al., 1991, 1993; Man  et al., 1993;
adison et al., 1998; Madison, 2003). A recent proteomics charac-

erization of the LB identified over 980 proteins which is likely to
e an incomplete characterization of the contents (Raymond et al.,

008).

Lipids. Investigations using animal models with specific gene
efects or knock-outs further extended the knowledge of enzymes
of Pharmaceutics 435 (2012) 3– 9

such as B glucocerebrosidase (Holleran et al., 1994), stearoyl CoA
desaturase (Miyazaki et al., 2005), and Elovl4, which is involved in
elongation of long chain fatty acids, necessary for ceramide forma-
tion (Cameron et al., 2007; Li et al., 2007). Ceramides are uniquely
significant in the formation of the covalently bound lipid envelope
of corneocytes (Behne et al., 2000; Zheng et al., 2011). Ceramide
1 consists of sphingosine and long chain unsaturated, mono-and
di-unsaturated omega hydroxy acids. The other major lipid compo-
nents of the SC are cholesterol and fatty acids. Cholesterol amounts
to 25% by weight or 30 mol% of the SC lipids and is crucial for pro-
moting the intermixing of different lipid species Free fatty acids
account for about 10% of SC lipids or 15 mol%, and consist predom-
inantly of long chain saturated fatty acids having more than 20
carbon atoms. Oleic acid (6%) and linoleic acid (2%) are the only
unsaturated fatty acids detected unbound in the SC. Deficiencies in
any one of these three lipid species result in barrier abnormalities
characterized by increased trans-epidermal water loss (TEWL) as
well as observable alterations in the ultrastructural features of the
SC extracellular domains (Holleran et al., 2006).

Enzymes. Proteolytic enzymes secreted via LBs lead to pro-
gressive dissolution of the corneodesmosomes thus allowing the
orderly desquamation of corneocytes. The degradation of cor-
neodesmosomes leaves ‘gaps’ or ‘lacunae’ within the multiple
lamellar barrier structures, which play an important role in
transdermal permeation, which will be discussed further by the
authors in a future review. More recently, anti-microbial pep-
tides such as beta defensins and cathelicidins (Oren et al., 2003)
were co-localized to the lamellar bodies and found within the
extracellular matrix of SC thus, linking the formation of a per-
meability barrier with an anti-microbial barrier (Braff et al.,
2005). This innate immunity, which further underlies the skin’s
ability for repairing itself, is crucial for survival. The appli-
cation of simple emollient formulations has been shown to
alter desquamatory and inflammatory enzyme activity in the SC
(Mohammed et al., 2011).

It is also important to note that the SC is intimately linked with
the stratum granulosum both structurally and functionally. Struc-
turally, the two  are held together by transitional desmosomes;
functionally, the paracellular barrier formed by tight junctional
complexes located to the SG, also supplements the permeability
barrier.

5. Genes that regulate skin barrier formation

In this era of molecular biology, there has been a huge interest
in identifying the genes that control development in general, and
skin differentiation in particular, with a view to understanding the
skin diseases and dysfunctions that are a consequence of a defective
permeability barrier. Knock-out mouse models are one of the most
convenient ways to study the effects of single gene deletions, loss
of function or gain of function mutations on the skin barrier. The
newborn animals are easily tested for the skin’s ability to exclude
the penetration of a dye (the dye exclusion test) that can show if
there is a complete absence of barrier, or if there are site specific
barrier defects. The latter is also valuable to evaluate the progres-
sive pattern of skin maturation in normal controls. The list of such
genes and publications is rather extensive, and it is not the intent of
the present authors to provide a review in its entirety. For the sake
of convenience and brevity, we have grouped these into: upstream
genes that direct development through transcription factors; genes
specific for structural proteins of skin; genes for functional enzymes
their inhibitors, enzymes involved in lipid metabolism (synthesis
and processing of SC lipids); genes for various ion channels (Aqp,
TRVP) and receptors (RARs, ARNt, etc.).
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Upstream genes. The Grainy head-like 3 (Grhl3) gene encodes
 transcription factor which has crucial roles in epidermal mor-
hogenesis during embryonic development, with deficient mice
xhibiting failed skin barrier formation (Boglev et al., 2011). A com-
lex of three amino acid loop extension (TALE) transcription factors
BX1, PBX2 and Pknox preferentially regulate Late Cornified Enve-
ope (LCE) protein genes, and thereby the barrier development
Jackson et al., 2011). Taf10 is a transcription factor required for
he establishment of skin barrier function in embryonic, but not in
dult mouse epidermis (Indra et al., 2005).

Genes for structural proteins. The most well known or well char-
cterized is the loss-of-function mutation in the FLG gene (coding
or profilaggrin), leading to ichthyosis vulgaris and atopic dermati-
is. Decreased levels of natural moisturising factor (derived from
laggrin) lead to reduced water holding properties of SC, and a
efective corneocyte envelope (CE) as well as an increased pH of
C (Sandilands et al., 2009). Keratin 5 knockout mice show neona-
al lethality, owing to the fundamental role of Keratin 5 in skin
ntegrity (Peters et al., 2001). On the other hand, knock-out of the
oricrin gene does not have such a major impact (Jarnik et al., 2002).

Knockout mice models for desmoglein 3, desmocollin 1, desmo-
lakin, or DSG-1 (a component of corneodesmosomes) affect the
tructural integrity of SC, and hence the barrier functions of skin.
n the nucleated layers of epidermis, the loss or down-regulation
f tight junction proteins claudin 1 and claudin 23 also affect the
ermeability barrier adversely (De Benedetto et al., 2011).

Genes for enzymes. Knockout mice models for steroyl-coA desat-
rase2 (Miyazaki et al., 2005) and ELOV 14 (Cameron et al., 2007)
ave barrier deficiencies because of defects in synthesis of lipids
nd very long chain fatty acids respectively. In addition, loss or
utation in the beta glucocerebrosidase gene interferes with the

rocessing of the secreted contents of lamellar bodies (Holleran
t al., 2006), leading to a dysfunctional barrier, as exemplified by
aucher’s disease.

Protease inhibitors also have a role in regulating the orderly
esquamation of the corneocytes, by preventing premature acti-
ation of proteases within the SC. Studies on SPINK 5(−/−)  mice
howed that LEKTI deficiency causes increased breakdown of DSG-

 and corneodesmosin, due to elevated activity of Kallikreins 5 and
 (Descargues et al., 2005).

Genes for various ion channels and receptors. Aquaporin 3
aquaglyceroporin) deficient mice showed reduced hydration of SC,
s well as delayed barrier recovery, features which are corrected by
opical application of glycerol (Hara and Verkman, 2003). Epithe-
ial sodium channel (ENaC) while not required for the generation of
he epidermal barrier, is needed in the maintenance of skin barrier
unction after birth, as shown by knockout mice studies (Charles
t al., 2008). Genes encoding for the TRPV 3 channel may  be working
hrough transglutaminase or calcium in affecting the permeability
arrier (Cheng et al., 2010).

The above account is by no means a complete list, but is a repre-
entative profile of the diverse set of genes that impact on the skin
arrier formation or its maintenance.

. Barrier repair—skin as an actively smart tissue

As the skin barrier is constantly exposed to changing environ-
ental stressors, the SC and underlying epidermis must constantly

e sensing, and responding to diverse stimuli, a fact not readily
pparent from the static images one sees in a histological slide. The
ound healing response of the epidermis, is perhaps one of the

ost visible manifestations of this adaptation, along with changes

n pigmentation that accompany UV exposure. The invisible adap-
ations in the barrier are measured by non-invasive techniques
measurements of TEWL and hydration level, pH measurements,
of Pharmaceutics 435 (2012) 3– 9 7

etc.), which have been used in conjunction with several micro-
scopic visualization techniques and biochemical and biophysical
measurements of enzymes that regulate lipogenesis, crucial for
maintaining the permeability barrier, or more specifically; repair-
ing the barrier following experimental disruption. Such sensing as
well as repair and maintenance of the barrier is mediated via several
signalling pathways in the epidermis.

SC and epidermal responses and signals.  This has been one of
the most intensely studied aspects of the permeability barrier
in the last 20 years. Experimental studies using animal models
showed that the uppermost cells of SG respond to barrier disrup-
tion by (i) an immediate secretion of nascent LBs, (ii) synthesis of
new LBs and (iii) further secretion of the newly synthesized LBs,
before their terminal differentiation (Menon et al., 1992a, b; Menon,
2002). An elaborate and responsive network in place within the
epidermis, including ions (calcium, potassium, sodium), ionic chan-
nels, cytokines (IL 1, TNF, TGF beta), structural (caveolae, nuclear
receptors) initiates and accelerates the multi-faceted, cellular and
metabolic aspects of barrier repair which has been reviewed in
detail by Elias and Feingold (2006).

Signal repair interference and inhibition. Treatments (including
occlusive coverings), that interfere or inhibit some of these signals
delay the barrier repair process. Besides, inhibitors of enzymes such
as HMG-CO A reductase, serine-palmitoyl transferase (SPT), fatty
acid synthase that block the synthesis of any of the three important
barrier lipid species as well as exposure to adverse environmental
conditions can also delay the barrier repair. This has led to the sug-
gestion of the possibility of developing metabolic inhibitors which
would allow a “window” for (trans)dermal delivery (Tsai et al.,
1996). The major challenge for the industry is extrapolating from
various skin models used for drug permeation for human appli-
cations (SC membranes, cadaver skin, skin equivalents) as well as
from the animal data; the former may  have inherent flaws or lack
the repair response altogether and in the case of the latter the SC
may  differ significantly from human tissue (Menon, 2002).

7. Conclusions and outlook

Advances in our understanding of the skin and primary barrier
component, the SC, have been reviewed. The major visualization
tools which have lead to our current knowledge are highlighted
and the essential role of lipids has also been considered. Regulation
of skin barrier formation and response to experimental perturba-
tion underlines the dynamic nature of the SC. The major challenge
for the industry is extrapolating from various skin models used
for human applications (SC membranes, cadaver skin, skin equiva-
lents) as well as from animal data; the former may  have inherent
flaws or lack the repair response altogether and in the case of
the latter the SC may  differ significantly from human tissue. Aside
from passive and active skin devices such as transdermal patches,
lasers, iontophoresis and microneedles, we  now see many new skin
related applications that heretofore were not possible in earlier
times. Looking to the future, stem cells and genes will provide new
methods to develop skin substitutes for management of diabetic
skin ulcers, wound healing, facial transplants, scar reduction, skin
cell regeneration and therapy, induced pluripotent stem cells as
well as gene based skin therapies.

References

Albery, W.J., Hadgraft, J., 1979. Percutaneous absorption: in vivo experiments. J.

Pharm. Pharmacol. 31, 140–147.

Behne, M., Uchida, Y., Seki, T., de Montellano, P.O., Elias, P.M., Holleran, W.M., 2000.
Omega-hydroxyceramides are required for corneocyte lipid envelope (CLE) for-
mation and normal epidermal permeability barrier function. J. Invest. Dermatol.
114, 185–192.



8 urnal 

B

B

B

B

B

B

B

C

C

C

C

C

D

D

D

D

D

E

E

E

E
F

F

F

F

G

G

H

H

G.K. Menon et al. / International Jo

lank, I.H., 1953. Further observations on factors which influence the water content
of the stratum corneum. J. Invest. Dermatol. 21, 259–271.

oglev, Y., Wilanowski, T., Caddy, J., Parekh, V., Auden, A., Darido, C., Hislop, N.R.,
Cangkrama, M.,  Ting, S.B., Jane, S.M., 2011. The unique and cooperative roles
of  the Grainyhead-like transcription factors in epidermal development reflect
unexpected target gene specificity. Dev. Biol. 349, 512–522.

ouwstra, J.A., Cheng, K., Gooris, G.S., Weerheim, A., Ponec, M., 1996. The role of
ceramides 1 and 2 in the stratum corneum lipid organisation. Biochim. Biophys.
Acta 1300, 177–186.

ouwstra, J.A., Thewalt, J., Gooris, G.S., Kitson, N., 1997. A model membrane approach
to the epidermal permeability barrier: an X-ray diffraction study. Biochemistry
36, 7717–7725.

ouwstra, J.A., Dubbelaar, F.E., Gooris, G.S., Weerheim, A.M., Ponec, M.,  1999. The role
of  ceramide composition in the lipid organisation of the skin barrier. Biochim.
Biophys. Acta 1419, 127–136.

raff, M.H., Di Nardo, A., Gallo, R.L., 2005. Keratinocytes store the antimi-
crobial peptide cathelicidin in lamellar bodies. J. Invest. Dermatol. 124,
394–400.

rody, I., 1989. A light and electron microscope study of normal human stratum
corneum with particular reference to the intercellular space. Ups. J. Med. Sci. 94,
29–45.

ameron, D.J., Tong, Z., Yang, Z., Kaminoh, J., Kamiyah, S., Chen, H., Zeng, J., Chen,
Y.,  Luo, L., Zhang, K., 2007. Essential role of Elovl4 in very long chain fatty acid
synthesis, skin permeability barrier function, and neonatal survival. Int. J. Biol.
Sci.  3, 111–119.

aspers, P.J., Lucassen, G.W., Carter, E.A., Bruining, H.A., Puppels, G.J., 2001. In vivo
confocal microspectroscopy of the skin: noninvasive determination of molecular
concentration profiles. J. Invest. Dermatol. 116, 434–442.

harles, R.P., Guitard, M.,  Leyvraz, C., Breiden, B., Haftek, M.,  Haftek-Terreau, Z.,
Stehle, J.C., Sandhoff, K., Hummler, E., 2008. Postnatal requirement of the epithe-
lial  sodium channel for maintenance of epidermal barrier function. J. Biol. Chem.
283,  2622–2630.

heng, X., Jin, J., Hu, L., Shen, D., Dong, X.P., Samie, M.A., Knoff, J., Eisinger, B., Liu, M.L.,
Huang, S.M., Caterina, M.J., Dempsey, P., Michael, L.E., Dlugosz, A.A., Andrews,
N.C., Clapham, D.E., Xu, H., 2010. TRP channel regulates EGFR signaling in hair
morphogenesis and skin barrier formation. Cell 141, 331–343.

hristophers, E., Kligman, A.M., 1964. Visualization of the cell layers of the stratum
corneum. J. Invest. Dermatol. 42, 407–409.

e Benedetto, A., Rafaels, N.M., McGirt, L.Y., Ivanov, A.I., Georas, S.N., Cheadle, C.,
Berger, A.E., Zhang, K., Vidyasagar, S., Yoshida, T., Boguniewicz, M.,  Hata, T.,
Schneider, L.C., Hanifin, J.M., Gallo, R.L., Novak, N., Weidinger, S., Beaty, T.H.,
Leung, D.Y., Barnes, K.C., Beck, L.A., 2011. Tight junction defects in patients with
atopic dermatitis. J. Allergy Clin. Immunol. 127, 773–786.

escargues, P., Deraison, C., Bonnart, C., Kreft, M.,  Kishibe, M.,  Ishida-Yamamoto,
A.,  Elias, P., Barrandon, Y., Zambruno, G., Sonnenberg, A., Hovnanian, A., 2005.
Spink5-deficient mice mimic  Netherton syndrome through degradation of
desmoglein 1 by epidermal protease hyperactivity. Nat. Genet. 37, 56–65.

ines, K.A., Sheets, P.W., Brink, J.A., Hanke, C.W., Condra, K.A., Clendenon, J.L., Goss,
S.A., Smith, D.J., Franklin, T.D., 1984. High frequency ultrasonic imaging of skin:
experimental results. Ultrason. Imaging 6, 408–434.

owning, D.T., Stewart, M.E., Wertz, P.W., Colton, S.W., Abraham, W.,  Strauss, J.S.,
1987. Skin lipids: an update. J. Invest. Dermatol. 88, 2s–6s.

uriau, F., 1856. Recherches experimentales sur l’absorption et l’exhalation par le
tegument externe. Genet. Med. 7, 161–173.

lias, P.M., Brown, B.E., 1978. The mammalian cutaneous permeability barrier: defec-
tive barrier function is essential fatty acid deficiency correlates with abnormal
intercellular lipid deposition. Lab. Invest. 39, 574–583.

lias, P.M., Williams, M.L., Maloney, 1984. Stratum corneum lipids in disorders of
cornification. Steroid sulfatase and cholesterol sulfate in normal desquama-
tion  and the pathogenesis of recessive X-linked ichthyosis. J. Clin. Invest. 74,
1414–1421.

lias, P.M., 1991. Epidermal barrier function: intercellular lamellar lipid structures,
origin, composition and metabolism. J. Control. Release 15, 199–208.

lias, P.M., Feingold, K.R., 2006. Skin Barrier. Taylor and Francis, 612 pp.
enske, D.B., Thewalt, J.L., Bloom, M.,  Kitson, N., 1994. Models of stratum corneum

intercellular membranes: 2H NMR  of macroscopically oriented multilayers. Bio-
phys. J. 67, 1562–1573.

luhr, J.W., Pfisterer, S., Gloor, M.,  2000. Direct comparison of skin physiology chil-
dren and adults with bioengineering methods. Pediatr. Dermatol. 17, 436–439.

reudiger, C.W., Min, W.,  Saar, B.G., Lu, S., Holtom, G.R., He, C., Tsai, J.C., Kang, J.X.,
Xie, X.S., 2008. Label-free biomedical imaging with high sensitivity by stimulated
Raman scattering microscopy. Science 322, 1857–1861.

lynn, G.L., 1989. Mechanism of percutaneous absorption from physicochemical evi-
dence. In: Bronaugh, R.L., Maibach, H.I. (Eds.), Percutaneous Absorption. Dekker,
New York, pp. 27–51.

olden, G.M., Guzek, D.B., Harris, R.R., McKie, J.E., Potts, R.O., 1986. Lipid ther-
motropic transitions in human stratum corneum. J. Invest. Dermatol. 86,
255–259.

roh, D.G., Mills Jr., O.H., Kligman, A.M., 1992. Quantitative assessment of cyanoacry-
late  follicular biopsies by image analysis. J. Soc. Cosmet. Chem. 43, 101–112.

anson, K.M., Behne, M.J., Barry, N.P., Mauro, T.M., Gratton, E., Clegg, R.M., 2002. Two-

photon fluorescence lifetime imaging of the skin stratum corneum pH gradient.
Biophys. J. 83, 1682–1690.

ara, M., Verkman, A.S., 2003. Glycerol replacement corrects defective skin hydra-
tion, elasticity and barrier function in aquaporin-3-deficient mice. Proc. Natl.
Acad. Sci. U.S.A. 100, 7360–7365.
of Pharmaceutics 435 (2012) 3– 9

Hediger, S., 1928. Experimentelle Untersuchungen über de Resorption der Kohlen-
säure durch die Haut. Klin. Wochenschr. 7, 1553.

Holleran, W.M.,  Man, M.Q., Gao, W.N., Menon, G.K., Elias, P.M., Feingold, K.R., 1991.
Sphingolipids are required for mammalian epidermal barrier function, Inhibi-
tion of sphingolipid synthesis delays barrier recovery after acute perturbation.
J.  Clin. Invest. 88, 1338–1345.

Holleran, W.M.,  Takagi, Y., Menon, G.K., Legler, G., Feingold, K.R., Elias, P.M., 1993.
Processing of epidermal glucosylceramides is required for optimal mammalian
cutaneous permeability barrier function. J. Clin. Invest. 91, 1656–1664.

Holleran, W.M.,  Ginns, E.I., Menon, G.K., Grundmann, J.U., Fartasch, M.,  McKinney,
C.E., Elias, P.M., Sidransky, E., 1994. Consequences of beta-glucocerebrosidase
deficiency in epidermis. Ultrastructure and permeability barrier alterations in
Gaucher disease. J. Clin. Invest. 93, 1756–1764.

Holleran, W.M.,  Takagi, Y., Uchida, Y., 2006. Epidermal sphingolipids: metabolism,
function, and roles in skin disorders. FEBS Lett. 580, 5456–5466.

Homalle, A., 1853. Experiences physiologiques sur l’absorption par la tegument
externe chez l’homme dans le bain. Union Med. 7, 462–463.

Hou, S.Y., Mitra, A.K., White, S.H., Menon, G.K., Ghadially, R., Elias, P.M., 1991. Mem-
brane structures in normal and essential fatty acid-deficient stratum corneum:
characterization by ruthenium tetroxide staining and X-ray diffraction. J. Invest.
Dermatol. 96, 215–223.

Indra, A.K., Mohan 2nd, W.S., Frontini, M.,  Scheer, E., Messaddeq, N., Metzger, D.,
Tora, L., 2005. TAF10 is required for the establishment of skin barrier function
in  foetal, but not in adult mouse epidermis. Dev. Biol. 285, 28–37.

Jackson, B., Brown, S.J., Avilion, A.A., O’Shaughnessy, R.F.L., Sully, K., Akinduro, O.,
Murphy, M.,  Cleary, M.L., Byrne, C., 2011. TALE homeodomain proteins regulate
site-specific terminal differentiation, LCE genes and epidermal barrier. J. Cell Sci.
124,  1681–1690.

Jarnik, M.,  de Viragh, P.A., Schärer, E., Bundman, D., Simon, M.N., Roop, D.R., Steven,
A.C.,  2002. Quasi-normal cornified cell envelopes in loricrin knockout mice imply
the existence of a backup system. J. Invest. Dermatol. 118, 102–109.

Katz, M.A., Poulsen, B.J., 1971. Absorption of drugs through the skin. In: Brodie,
B.,  Gillette, J. (Eds.), Concepts in Biochemical Pharmacology. Springer-Verlag,
Berlin, pp. 103–174.

Kitson, N., Thewalt, J., Lafleur, M.,  Bloom, M.,  1994. A model membrane approach to
the  epidermal permeability barrier. Biochemistry 33, 6707–6715.

Landmann, L., 1988. The epidermal permeability barrier. Anat. Embryol. (Berl). 178,
1–13.

Lieberman, K., Ben-Ami, N., Lewis, A., 1996. A fully integrated near-field optical, far-
field optical, and normal-force scanned probe microscope. Rev. Sci. Instrum. 67,
3567–3572.

Li,  W.,  Sandhoff, R., Kono, M., Zerfas, P., Hoffmann, V., Ding, B.C., et al., 2007. Depletion
of  ceramides with very long chain fatty acids causes defective skin permeability
barrier function, and neonatal lethality in ELOVL4 deficient mice. Int. J. Biol. Sci.
3,  120–128.

Long, S.A., Wertz, P.W., Strauss, J.S., Downing, D.T., 1985. Human stratum corneum
polar lipids and desquamation. Arch. Dermatol. Res. 277, 284–287.

Machado, M.,  Salgado, T.M., Hadgraft, J., Lane, M.E., 2010. The relationship between
transepidermal water loss and skin permeability. Int. J. Pharm. 384, 73–77.

Madison, K.C., 2003. Barrier function of the skin: “la raison d’etre” of the epidermis.
J.  Invest. Dermatol. 121, 231–241.

Madison, K.C., Swartzendruber, D.C., Wertz, P.W., Downing, D.T., 1987. Presence of
intact intercellular lipid lamellae in the upper layers of the stratum corneum. J.
Invest. Dermatol. 88, 714–718.

Madison, K.C., Sando, G.N., Howard, E.J., True, C.A., Gilbert, D., Swartzendruber, D.C.,
Wertz, P.W., 1998. Lamellar granule biogenesis: a role for ceramide glucosyl-
transferase, lysosomal enzyme transport, and the Golgi. J. Investig. Dermatol.
Symp. Proc. 3, 80–86.

Man, M.Q., Feingold, K.R., Elias, P.M., 1993. Exogenous lipids influence perme-
ability barrier recovery in acetone-treated murine skin. Arch. Dermatol. 129,
728–738.

Miyazaki, M.,  Dobrzyn, A., Elias, P.M., Ntambi, J.M., 2005. Stearoyl-CoA desaturase-
2  gene expression is required for lipid synthesis during early skin and liver
development. Proc. Natl. Acad. Sci. U.S.A. 102, 12501–12506.

Menon, G.K., Grayson, S., Elias, P.M., 1986. Cytochemical and biochemical localiza-
tion  of lipase and sphingomyelinase activity in mammalian epidermis. J. Invest.
Dermatol. 86, 591–597.

Menon, G.K., Feingold, K.R., Elias, P.M., 1992a. Lamellar body secretory response to
barrier disruption. J. Invest. Dermatol. 98, 279–289.

Menon, G.K., Elias, P.M., Lee, S.H., Feingold, K.R., 1992b. Localization of calcium in
murine epidermis following disruption and repair of the permeability barrier.
Cell Tissue Res. 270, 503–512.

Menon, G.K., Elias, P.M., 1997. Morphologic basis for a pore-pathway in mammalian
stratum corneum. Skin Pharmacol. 10, 235–246.

Menon, G.K., Elias, P.M., 2001. The epidermal barrier and strategies for surmount-
ing it: an overview. In: Hengge, U.R., Volc-Platzer, B. (Eds.), The Skin and Gene
Therapy. Springer–Verlag, Berlin/Heidelberg/New York, pp. 3–26.

Menon, G.K., 2002. New insights into skin structure: scratching the surface. Adv.
Drug Deliv. Rev. 54, S3–S17.

Menon, G.K., Kligman, A.M., 2009. Barrier functions of human skin: a holistic view.
Skin Pharmacol. Physiol. 22, 178–189.
Michaels, A.S., Chandrasekaran, S.K., Shaw, J.E., 1975. Drug permeation through
human skin: theory and in vitro experimental measurement. AIChE J. 21,
985–996.

Miescher, G., 1931. Die schutzfunktionen der Haut genenüber Lichtstrahlen.
Strahlentherapie 39, 601.



urnal 

M

M

N

O

P

P

P

P

P

P

R

R

R

R

R

R

S

G.K. Menon et al. / International Jo

iescher, G., 1941. Fluoreszenzmikroskopische Untersuchungen zur Frage der Pen-
etration von fluoreszierenden Stoffen in die Haut. Dermatologica 83, 50.

ohammed, D., Matts, P.J., Hadgraft, J., Lane, M.E., 2011. Influence of aqueous cream
BP  on corneocyte size, maturity, skin protease activity, protein content and
transepidermal water loss. Br. J. Dermatol. 164, 1304–1310.

orlén, L., Al-Amoudi, A., Dubochet, J., 2003. A cryotransmission electron microscopy
study of skin barrier formation. J. Invest. Dermatol. 120, 555–560.

ren, A., Ganz, T., Liu, L., Meerloo, T., 2003. In human epidermis, beta-defensin 2 is
packaged in lamellar bodies. Exp. Mol. Pathol. 74, 180–182.

eters, B., Kirfel, J., Büssow, H., Vidal, M.,  Magin, T.M., 2001. Complete cytolysis and
neonatal lethality in keratin 5 knockout mice reveal its fundamental role in skin
integrity and in epidermolysis bullosa simplex. Mol. Biol. Cell 12, 1775–1789.

feiffer, S., Vielhaber, G., Vietzke, J.P., Wittern, K.P., Hintze, U., Wepf, R., 2000. High-
pressure freezing provides new information on human epidermis: simultaneous
protein antigen and lamellar lipid structure preservation. Study on human epi-
dermis by cryoimmobilization. J. Invest. Dermatol. 114, 1030–1038.

otts, R.O., Guzek, D.B., Harris, R.R., McKie, J.E., 1985. A noninvasive, in vivo technique
to  quantitatively measure water concentration of the stratum corneum using
attenuated total-reflectance infrared. Arch. Dermatol. Res. 277, 489–495.

resland, R.B., Kuechle, M.K., Lewis, S.P., Fleckman, P., Dale, B.A., 2001. Regulated
expression of human filaggrin in keratinocytes results in cytoskeletal disruption,
loss  of cell–cell adhesion, and cell cycle arrest. Exp. Cell Res. 270, 199–213.

resland, R.B., Coulombe, P.A., Eckert, R.L., Mao-Qiang, M.,  Feingold, K.R., Elias, P.M.,
2004. Barrier function in transgenic mice overexpressing K16, involucrin, and
filaggrin the suprabasal epidermis. J. Invest. Dermatol. 123, 603–606.

rausnitz, M.R., Gimm,  J.A., Guy, R.H., Langer, R., Weaver, J.C., Cullander, C., 1996.
Imaging regions of transport across human stratum corneum during high-
voltage and low-voltage exposures. J. Pharm. Sci. 85, 1363–1370.

aymond, A.A., Gonzalez de Peredo, A., Stella, A., Ishida-Yamamoto, A., Bouyssie, D.,
Serre, G., Monsarrat, B., Simon, M.,  2008. Lamellar bodies of human epidermis:
proteomics characterization by high throughput mass spectrometry and possi-
ble involvement of CLIP-170 in their trafficking/secretion. Mol. Cell. Proteomics
7,  2151–2175.

ein, H., 1924. Experimentelle studien über Elektroendosmose an überlebender
menschlicher Hau. Ztschr. f. Biol. 81, 125–140.

ein, H., 1925. Zur Elektrophysiologie der menschlichen Haut. Ztschr. f. Biol. 84,
41–50.

ein, H., 1926. Die Gleichstromleitereigenschaften und elektromotorischen Kräfte
der  menschlichen Haut undd ihre Auswertung zur Unterscuchung von Funk-
tionszuständen des Organes I–IV. Ztschr. f. Biol. 85, 195–247.

ein, H., 1929. Die Elektrophysiologie der Haut. In: Jadassohn, W.  (Ed.), Handbuch

der Haut und Geschlechtekrankheiten, vol. 1/2. Springer, Berlin, pp. 43–91.

othman, S., 1934. Biochemie dr Haut und Hautanhange. Oppenheimer’s Handbuch
der  Biochimie des Menschen und der Tiere, vol. 2., 2nd ed, p. 157.

andilands, A., Sutherland, C., Irvine, A.D., McLean, W.H., 2009. Filaggrin in the front-
line:  role in skin barrier function and disease. J. Cell Sci. 122, 1285–1294.
of Pharmaceutics 435 (2012) 3– 9 9

Sauermann, K., Clemann, S., Jaspers, S., Gambichler, T., Altmeyer, P., Hoffmann, K.,
Ennen, J., 2002. Age related changes of human skin investigated with histometric
measurements by confocal laser scanning microscopy in vivo. Skin Res. Technol.
8,  52–56.

Scheuplein, R.J., 1967. Mechanism of percutaneous absorption. II. Transient diffu-
sion and the relative importance of various routes of skin permeation. J. Invest.
Dermatol. 18, 79–88.

Simonetti, O., Hoogstraate, A.J., Bialik, W.,  Kempenaar, J.A., Schrijvers, A.H., Boddé,
H.E., Ponec, M.,  1995. Visualization of diffusion pathways across the stratum
corneum of native and in vitro-reconstructed epidermis by confocal laser scan-
ning microscopy. Arch. Dermatol. Res. 287, 465–473.

Thewalt, J., Kitson, N., Araujo, C., MacKay, A., Bloom, M.,  1992. Models of stratum
corneum intercellular membranes: the sphingolipid headgroup is a determinant
of  phase behavior in mixed lipid dispersions. Biochem. Biophys. Res. Commun.
188, 1247–1252.

Tobin, D.J., 2006. Biochemistry of human skin—our brain on the outside. Chem. Soc.
Rev. 35, 52–67.

Tsai, J.C., Guy, R.H., Thornfeldt, C.R., Gao, W.N., Feingold, K.R., Elias, P.M., 1996.
Metabolic approaches to enhance transdermal drug delivery. 1. Effect of lipid
synthesis inhibitors. J. Pharm. Sci. 85, 643–648.

Turner, N.G., Nonato, L.B., 1997. Mechanisms of transdermal drug delivery. In: Potts,
R.O.,  Guy, R.H. (Eds.), Drugs and the Pharmaceutical Sciences Series, vol. 83.
Marcel Dekker, New York, pp. 1–40.

Uchida, Y., Hara, M.,  Nishio, H., Sidransky, E., Inoue, S., Otsuka, F., Suzuki, A., Elias,
P.M.,  Holleran, W.M.,  Hamanaka, S., 2000. Epidermal sphingomyelins are pre-
cursors for selected stratum corneum ceramides. J. Lipid Res. 41, 2071–2082.

Veiro, J.A., Cummins, P.G., 1994. Imaging of skin epidermis from various origins using
confocal laser scanning microscopy. Dermatology 189, 16–22.

Vielhaber, G., Pfeiffer, S., Brade, L., Lindner, B., Goldmann, T., Vollmer, E., Hintze, U.,
Wittern, K.P., Wepf, R., 2001. Localization of ceramide and glucosylceramide in
human epidermis by immunogold electron microscopy. J. Invest. Dermatol. 117,
1126–1136.

Wertz, P.W., Miethke, M.C., Long, S.A., Strauss, J.S., Downing, D.T., 1985. The compo-
sition of the ceramides from human stratum corneum and from comedones. J.
Invest. Dermatol. 84, 410–412.

Winsor, T., Burch, G.E., 1944. Differential roles of layers of human epigastric skin on
diffusion rate of water. Arch. Intern. Med. 74, 428–436.

Wolf, J., 1939. Die innere Struktur der Zellen des Stratum Desquamans der men-
schlichen Epidermis. Z. Mikrosk. Anat. Forsch. 46, 170–202.

Zhang, G., Moore, D.J., Flach, C.R., Mendelsohn, R., 2007. Vibrational microscopy and
imaging of skin: from single cells to intact tissue. Anal. Bioanal. Chem. 387,

1591–1599.

Zheng, Y., Yin, H., Boeglin, W.E., Elias, P.M., Crumrine, D., Beier, D.R., Brash, A.R., 2011.
Lipoxygenases mediate the effect of essential fatty acid in skin barrier formation:
a  proposed role in releasing omega-hydroxyceramide for construction of the
corneocyte lipid envelope. J. Biol. Chem. 286, 24046–24056.


	The structure and function of the stratum corneum
	1 Introduction and historical background
	2 Structure of the stratum corneum
	3 Visualization tools to study the SC
	4 Current understanding of skin barrier function
	5 Genes that regulate skin barrier formation
	6 Barrier repair—skin as an actively smart tissue
	7 Conclusions and outlook
	References


