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Purpose. The purpose of this study is to investigate the permeability
barrier, i.e., the stratum comeum (SC) lipids, of human epidermal
keratinocyte air-liquid cultures and compare them with those of
human SC.

Method. The SC lipids composition was analyzed by TLC technique,
the organization by electron microscopic procedure, and the phase
transition temperature by Infrared spectroscopic method.

Results. Electron microscopy demonstrated that The SC lipids of cul-
tures were largely retained inside the corneocytes, and that the intercel-
lular lipids lack both the basic unit repetition (i.e., broad : narrow :
broad : broad : narrow : broad of electron lucent bands) and the
covalently-bound lipid envelope normaily found in human SC. These
characteristics are similar to those found in SC from patients with
atopic dermatitis or psoriasis, or from animals with essential fatty acid
deficiency, suggesting that the cultures may be hyperproliferative. In
addition, the high free sterol content and the altered fatty acid/ceramide
composition of these cultures argue that the compromised barrier func-
tion is linked to hyperproliferation and lipid synthesis, or vice versa.
Infrared spectroscopic analyses confirm that there are major conforma-
tional differences between the lipids of human and cultured SC.
Conclusions. The profound differences in SC lipid composition, orga-
nization and conformational properties attest that permeability alone
is not a sufficiently sensitive marker to define barrier equivalence
between cultures and human skin.

KEY WORDS: keratinocyte cultures; skin barrier function; stratum
corneum lipids.

INTRODUCTION

To date, several attempts have been made to validate skin
cultures for permeability, pharmacology, toxicity and metabo-
lism studies, and to generally gauge the relative extent to which
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these systems are equivalent to in vivo human skin. These
includes the overall morphology, the pattern of keratin expres-
sion, and measurements of water permeability. In this regard,
earlier results from our laboratory indicated that the particular
culture system described in this paper yielded epidermal sam-
ples which were histologically (ascertained by conventional
hematoxylin and eosin staining) very similar to human epider-
mis, and that water flux was only 2-3 fold greater than that
found with intact skin (1). Intuitively, good morphology and
small differences in water permeability would suggest that these
human A/L cultures are fairly representative of in vivo human
epidermis; especially since the final product of terminal kera-
tinocyte differentiation is the stratum corneum (SC), which
dictates the permeability properties of skin (2,3).

The purpose of this study is to establish whether keratino-
cyte cultures truly develop a permeability barrier equivalent
to in vivo human epidermis. We have undertaken extensive
structural and compositional analyses of SC samples obtained
from our culture system. By using various analytical and bio-
physical techniques, we have determined the extent to which the
lipid structural, conformational and compositional properties of
cultured SC resemble those of human SC.

MATERIALS AND METHODS
Culture

The culture technique has been described in detail else-
where (1). In brief, first-passaged neonatal human keratinocytes
were plated on de-epidermized human dermis at 0.5 X 10°
cells/cm?, The cultures were grown submerged at 37°C and
95% air/ 5% CO, for three days before lifting to the A/L
interface. These keratinocyte cultures were nourished with Dul-
beccos’ Modified Eagle Medium (high glucose, Gibco Lab.,
Life Technologies, Inc., Grand Island, NY) supplemented by
human serum (10%, Gibco), insulin (Spg/ml; Gibco), hydrocor-
tisone (0.4 p/mi; Aldrich Chemicals) and cholera toxin (0.5
pg/ml; Sigma, St. Louis, MO). Cultures were exposed to 75%
r.h. at the A/L interface for three weeks before further examina-
tion by the techniques described below. Human skin was
obtained from human cadavers (upper thigh) or following sur-
gery (breast). SC from human skin (referred to as human SC)
or from cultured epidermis (referred to as cultured SC) was
prepared following trypsinization at room temperature for one
hour as described previously (4).

Electron Microscopy

Human skin or keratinocyte culture samples were minced
to approximately 1 mm® pieces, placed in 2% glutaraldehyde,
and stored at 4°C overnight. Samples were then rinsed in 0.1
M cacodylate buffer, and post-fixed in 0.2% ruthenium tetroxide
for two hours at 4°C. After further rinsing in 0.1 M cacodylate
buffer, samples were dehydrated using a graded series of acetone
solutions and embedded in Spurr’s resin. Thin sections of the
samples were stained with uranyl acetate and lead citrate before
examination on a Zeiss 109 electron microscope.

Lipid Analyses

Precoated silica gel high-performance thin-layer chro-
matographic plates, 10 X 20 cm, (HP-TLC, E. Merck, Darms-
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tadt, Germany) were prewashed by developing overnight in
chloroform:methanol:water (95:20:1) and dried before use. SC
lipids (150 p.g) or standards (2.5 p.g) were applied to the plates
in 5 pl of chloroform:methanol (2:1). Sequential development
of the plates was used to achieve separation of all lipid classes.
The developing procedure was: a) chloroform:methanol:water
(40:10:1) to 6 cm from the origin, b) chloroform:methanol:gla-
cial acetic acid (190:9:1) to 10 cm from the origin, ¢) hexane:die-
thyl ether:glacial acetic acid (8:2:1) to 13 cm from the origin,
and d) petroleum ether to 17 cm from origin. Finally, visualiza-
tion was accomplished by spraying with 10% (w/v) cupric
sulfate in 8% phosphoric acid, and heating to 180°C for 30
minutes.

FTIR Spectroscopy

Infrared spectra were obtained using a Nicolet (Madison,
WI) Fourier transform instrument equipped with a liquid N,-
cooled Mercury-Cadmium-Telluride-B detector. For each spec-
trum, 200 scans were co-added and transformed with a Happ-
Genzel apodization function to yield a final resolution of 2
cm™!. The stratum corneum samples were sandwiched between
ZnS windows mounted in a specially designed heating/cooling
cell. This cell was connected to a low-temperature water circula-
tor containing a mixture of 50% ethylene glycol-water. The
water bath and, ultimately, the sample temperature were con-
trolled by a separate computer interfaced to the Nicolet worksta-
tion. Using a thermocouple, which was in direct contact with
the sample to monitor temperature, the spectra were collected
at 2 (£ 0.1) °C increments at a rate of 20°C/hr. Peak positions
were measured with a center of gravity algorithm which allowed
frequencies to be determined with an uncertainty of less than
0.05 cm™!.

RESULTS AND DISCUSSION

The overall patterns of lipid organization for various cul-
tured and human SC samples are presented in the electron
micrographs shown in Figures 1A to 1G. In human SC, a
specific intercellular lamellar lipid pattern was observed (Figure
1A) in each of the samples obtained from four individual donors.
The basic unit comprises bands which are, sequentially broad :
narrow : broad : broad : narrow : board in width (i.e. BNBBNB)
(5). Similar intercellular lipid patterns have also been found in
pig and hairless mouse (5,6). It is important to realize that this
pattern does not exist throughout the intercellular spaces (Figure
IB). Further, lamellar lipids also exist in the cytosol of human
SC comeocytes (Figure 1B).

Cultured SC lipids, on the other hand, are much less uni-
formly distributed than those in human SC (Figure 1C) con-
taining only 6% extractable lipids comparing with 10-15% for
human SC. The poorly organized lipids of cultured SC are
characterized by a significant amount of intracellular lamellar
structures (Figure 1C) appearing as either onion-like bilayer
structures (Figure 1D) (7), or partially extruded lipids (Figure
1E) (8-10). Nowhere in the cultured SC are there bilayer struc-
tures in the BNBBNB pattern seen in human SC, instead, the
intercellular lipids present lucent bands of approximately equal
width. Analogous bands of uniform width (Figure 1F) have
also been observed in the SC of essential fatty acid deficient
(EFAD) hairless mice (6), in porcine SC which has been heated
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to 80°C, and in human cysts (5). There were also numerous
areas of the cultured SC in which only a single lucent band
adjacent to the corneocyte was observed. In human or porcine
SC, this lucent band is a covalently-bound monolayer of N-
(w-hydroxyacyl) sphingosines (11) which cannot be removed
by the present delipidization procedure (Figure 1G). In contrast,
this band is completely removed from the cultured SC (Figure
1H) implying that the covalent lipid envelope is not formed in
these cultures. The organization of cultured SC lipids is also
reminiscent of the barrier layer in psoriatic epidermis (12), or
in skin obtained from patients with atopic dermatitis (AD) (13),
which are hyperproliferative skin conditions characterized by
an atypical SC and a compromised water barrier.

The HP-TLC results for the cultured and human SC are
shown in Figures 2A and 2B. Since equivalent amounts of lipid
from cultured and human SC were applied onto the silica plates,
the distribution of the individual lipids can be qualitatively
compared by the relative intensities (Figure 2A). All the major
classes of SC lipids, including both polar (ceramides and choles-
terol sulfate) and non-polar subsets (free sterol, free fatty acids,
triglycerides and cholesterol esters) (Figures 2A and 2B) were
produced by the human keratinocyte A/L cultures. However, a
higher free sterol content (both cholesterol and lanosterol which
migrates above cholesterol) was found in the cultured SC (Fig-
ure 2B). Interestingly, enhanced epidermal sterol biosynthesis
has also been demonstrated in EFAD mice (14), and in psoriatic
(15) and AD lesions (16). Given that psoriatic (17), EFAD (14)
and AD skin (18) also present a compromised barrier to water,
it follows that increased free sterol content in culture could
contribute to the incomplete barrier function. In addition to
enhanced sterol levels, a reduced free fatty acid content (espe-
cially those with C,,—Cyg alkyl chains) was found in the cultured
SC, similar to that found in human SC treated with sodium
dodecy! sulfate (19). Other parallels between the cultured and
surfactant-treated skin are hyperproliferation, an altered produc-
tion of ceramides, and a higher TEWL. Since both psoriatic
and EFAD epidermis also have an increased fatty acid content,
the common denominator of these pathological skin conditions,
i.e. a hyperproliferative or compromised barrier alone, does not
appear to be the sole contributing factor to the reduced longer-
chain fatty acid quantities in cultured SC.

Another critical question with regard to lipid composition
pertains to the lowered level and abnormal distribution of cera-
mides in the cultured SC, relative to human SC. These differ-
ences may be confounded by the fact that cultured SC extracts
probably include ceramides which normally constitute the cor-
neocyte lipid envelope. Although ceramides are unequivocally
crucial to the SC barrier function (20), the profound differences
between the cultured SC and human SC (over and above the
ceramides alone) could collectively contribute to the previously
observed higher value in water permeation (1).

Figures 3A and 3B show the temperature-dependent
changes in the CH, symmetric stretching frequency (vcy,), mea-
sured by FTIR, for human SC and cultured SC, respectively.
Lipid phase transition temperatures can be deduced from the
inflection points of these curves, or from the maxima in the
standard deviations of the mean frequency values (Figures 4A &
4B). Human SC exhibits four thermal transitions, three lipid-
associated (i.e., @~40, 70 & 80°C) and one protein-related
(i.e., @~95°C) (21,22). FTIR spectroscopy, like DSC, can also
be used to monitor phase transitions providing additional infor-
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Fig. 2. Stratum corneum lipid composition separated by HP-TLC
plates with the solvent systems described in the Method section; (A)
with standards, a: SC lipids, b: hydrocarbon (eicosane), c:squalene,
d:cholesterol oleate, e:triglyceride, - f:fatty acids (palmitic acid),
g:cholesterol, h:ceramides II(bovine brain), i:ceramides IV(bovine
brain), j:cholesterol sulfate, and k:phospholipids, and (B) a: cultured,
and b: human SC lipids.
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Fig. 3. (A) Human SC lipid transitions indicated by CH, stretching
frequency changes as a function of temperature (n = 5, ave * sd). (B)
Cultured SC lipid transitions indicated by CH, stretching frequency
changes as a function of temperature (n = 5, ave * sd).
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mation at the molecular level. FTIR is particularly useful for
SC structural analysis since the CH; vibrational stretching fre-
quency (ucy,) is sensitive to the average conformational order
of the SC intercellular lipids; vy, increases as disorder

Fig. 1. Stratum corneum lipid structure revealed by EM following ruthenium tetraxide post-fixation; (A) human SC interceliular lipids with
the basic unit (-BNBBNB-) pattern (arrow), (B) human SC with non-lamellar intercellular lipids (arrow) and intracellular lipids (arrowhead),
(C) cultured SC, note the poorly organized lipid structures, (D) cultured SC intraceliular lipids showing an onion-like structure, (E) cultured
SC lipid structure resembling that seen during the membrane coating granule extrusion process, (F) cultured SC intercellular lipids with electron
lucent bands of approximately equal width, (G) delipidized human SC showing the retention of the covalently bound lipid envelope (arrow),
and (H) delipidized cultured SC, note the absence of a bound lipid envelope (arrow). Bars, 0.1 pM from [1A-1H.
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Fig. 4. (A) The standard deviations of Human SC CHj; stretching
frequency as a function of temperature. (B) The standard devialions
of Cultured SC CH, stretching frequency as a function of temperature.

increases. Inspection of the temperature-induced changes in the
CH, stretching frequency from human SC (Figures 3A and 3B)
clearly revealed three transitions at approximately 35,70 and
80°C. For human SC, the relatively large increase in vcy,
between 50 and 100°C is indicative of a gel-to-liquid crystalline
phase transition involving lipid alkyl chain melting (21). The
existence of two lipid phase transitions in the 70-80°C range
implies the melting of two distinct populations of lipid alkyl
chains, It has been demonstrated with dipalmitoyl phosphotidyl-
choline (DPPC) in that the introduction of cholesterol results
in a separation of cholesterol-rich and cholesterol-free lipid
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populations (23). Consequently, a reasonable explanation for
the high-temperature transitions is that two distinct lipid subsets
are partially derived from the polar SC lipids (mainly cera-
mides), one with cholesterol and one without.

The temperature dependence of vcy, of the cultured SC
was quite different, indicating a major phase change at 50°C,
and the suggestion of a small transition near 80°C (Figures 3B
and 4B). The occurrence of a main phase change at 50°C for
the cultured SC, may reflect a depression of the 70°C transition
observed for human SC. Given the lipid compositional differ-
ences observed by TLC, we suggest that this suppression may
be partly due to the elevated presence of cholesterol (and/or
lanosterol) which would tend to reduce the transition tempera-
ture (24,25), whereas the suggestion of a small 80°C transition
is consistent with the absence of bound lipid envelope seen in
the electron-micrograph of the cultured SC.

While the low temperature transition (~40°C) has been
tentatively ascribed to sebaceous lipids (21), our TLC data
(Figure 2B) do not support this assignment. We suggest that
this is likely a solid-to-fluid phase change involving a small
subset of the endogenous SC lipids. Corroborative evidence for
the existence of this fluid lipid phase in hairless mouse SC and
porcine lipids at physiological temperature has been derived
from x-ray diffraction and NMR spectroscopy, respectively
(26,27). The cultured SC, unlike its human counterpart, did not
exhibit a low temperature lipid transition. While the lipids
responsible for this low temperature transition can not be specif-
ically identified, those which are usually regarded as nonpolar
(e.g., triglycerides, cholesterol esters, efc.) would appear to be
the likely candidates. A second, and perhaps more plausible
explanation, is that the cultured SC lipids may be physically
organized and segregated differently to those in normally-differ-
entiating human SC. This idea is consistent with the EM results
that cultured and human SC differ significantly in the appear-
ance of lipid organization.

The consistent message from the EM, TLC and FTIR
results presented here is that, under the present conditions, our
in vitro skin culture does not generate a SC equivalent to human
SC and could, in fact, be hyperproliferative. What is unclear
at this point is whether it is the hyperproliferation which leads
to a compromised barrier or vice-versa, since compromised
barrier function is known to enhance lipid biosynthesis (28)
and to upregulate DNA synthesis (29,30). Since permeability
is controlled by physical-chemical (partition and penetration)
and biochemical (proliferation, differentiation, metabolism,
etc.) factors, it is clear that one should not use the permeability
data alone, or regular histological examination (hematoxylin &
eosin), to gauge the performance of any given in vitro culture
system. It is thus essential that any system prepared be fully
characterized by multiple criteria before it is used to replace
human epidermal tissue.
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