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Direct Observation of Domains in Model Stratum Corneum Lipid Mixtures
by Raman Microspectroscopy

Aline Percot and Michel Lafleur

Département de Chimie and Groupe de Recherche en Transport Membranaire, Université de Montréal,
Montréal, Québec H3C 3J7, Canada

ABSTRACT Several studies on intact and model stratum corneum (SC), the top layer of the epidermis, have suggested the
presence of crystalline domains. In the present work, we used micro-Raman mapping to detect lipid domains in model lipid
mixtures formed by an equimolar mixture of ceramides, cholesterol, and palmitic acid, the three main lipid species of SC. We
were able to determine the spatial distribution of the three compounds individually based on the systematic analysis of band
areas. As a control, we studied freeze-dried lipid mixtures, and the Raman microspectroscopy reported faithfully the
homogeneous distribution of the three compounds. Spectral mapping was then performed on hydrated equimolar mixtures
carefully annealed. In this case, clear phase separations were observed. Domains enriched in cholesterol, ceramides, or
palmitic acid with a size of a few tens of square microns were detected. These findings constitute the first direct evidence of
the formation of heterogeneous domains in the SC lipid models in a bulk phase. Raman microspectroscopy is an innovative
approach to characterize the conditions leading to the formation of domains and provides new insights into the understanding

of the skin barrier.

INTRODUCTION

The skin barrier has a fundamental role in the control of the
exchanges with the external world. It has been established
that the permeability properties are ensured by the stratum
corneum (SC), the outermost layer of the epidermis (Elias,
1983). The SC is formed of corneocytes (mainly constituted
of keratin), embedded within a lipid matrix. This macro-
organization can be depicted as being somehow analogous
to a brick wall where the corneocytes would be associated
with the bricks and the lipids with the mortar (White et al.,
1988). As the quality of the SC barrier is most likely
dependent on the structure and composition of the intercel-
lular lipid mortar (Onken and Moyer, 1963; Smith et al.,
1982), their organization has been the subject of many
investigations.

Over the last decades, several experimental techniques
were exploited to investigate the morphology and the dy-
namics of this rather peculiar membrane to improve our
understanding of the correlation between its structure and its
functions. For example, small- and wide-angle x-ray dif-
fraction (White et al., 1988; Parrott and Turner, 1993;
Bouwstra et al., 1994, 1996; Bouwstra, 1997), differential
scanning calorimetry (Wegener et al., 1996, 1997), spin
label electron paramagnetic resonance (Alonso et al., 2000),
NMR (Abraham and Downing, 1991; Fenske et al., 1994),
Fourier transform infrared spectroscopy (Ongpipattanakul
et al., 1994; Moore et al., 1997; Lafleur, 1998; Moore and
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Rerek, 2000), and Raman spectroscopy (Wegener et al.,
1997; Lawson et al., 1998) have been used to elucidate the
lipid organization in skin membranes. It is now established
that the SC lipids form two lamellar phases with periodicity
of the order of ~6 and 13 nm (White et al., 1988; Bouwstra
et al., 1994; Bouwstra, 1997). The formation of crystalline
domains within the lipid phase of the SC has been reported
using x-ray diffraction (Bouwstra et al., 1994; Bouwstra,
1997) as well as infrared spectroscopy (Ongpipattanakul et
al., 1994). Occasionally, diffraction peaks associated with
crystalline cholesterol were observed (Parrott and Turner,
1993; Bouwstra et al., 1994).

As the SC lipids exhibit a complex and unusual lipid
composition, biophysical studies are often performed on
model mixtures to elucidate the role of each component in
the mixture. These SC lipid model mixtures generally in-
clude the three main lipid species found in the SC lipid
sheets, namely, ceramides, fatty acids, and cholesterol. De-
spite their simplicity, these model mixtures reproduce sev-
eral features of the real SC lipid organization. For example,
ordered-disordered phase transitions have been observed in
these model mixtures at temperatures similar to those de-
tected in SC lipids (Abraham and Downing, 1991; Kitson et
al., 1994; Bouwstra et al., 1996; Moore et al., 1997; Lafleur,
1998). In addition, it has been shown by several techniques
that at room temperature, these mixtures include a signifi-
cant fraction of their lipids forming a solid or crystalline
phase. Peaks corresponding to crystalline lipids were ob-
served in the x-ray diffraction patterns of model mixtures
(Parrott and Turner, 1993; Bouwstra et al., 1996). Deuteri-
um-NMR spectroscopy has also shown the presence of solid
cholesterol and fatty acid in mixtures including the three
main lipid components of SC (Kitson et al., 1994; Fenske et
al., 1994). Recent Fourier transform infrared spectroscopic
studies of the ternary equimolar mixtures that included
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perdeuterated palmitic acid showed evidence of phase-sep-
arated crystalline domains of ceramides and fatty acids with
an orthorhombic chain packing (Moore et al., 1997; Lafleur,
1998; Moore and Rerek, 2000). This conclusion was in-
ferred from the analysis of the methylene deformation and
rocking bands, and it was also concluded from this approach
that the domains would include at least 100 molecules and
that their composition was at least 90% enriched in palmitic
acid or ceramides. Finally, recent experiments in atomic
force microscopy (AFM) on Langmuir-Blodgett monolay-
ers formed with SC lipid model mixtures indicate phase
separations leading to formation of domains that were pro-
posed to be enriched in ceramides (ten Grotenhuis et al.,
1996; Ekelund et al., 2000).

Forslind (1994) proposed that the organization of SC
lipids can be described by crystalline domains surrounded
with disordered grain border regions, forming “the domain
mosaic model of the skin barrier.” The presence of these
micro-crystallites would be at the origin of the very small
permeability of the skin. However, up to now, information
about the organization, composition, and size of these pro-
posed domains is still missing. A detailed characterization
of the lipid organization would provide insights into the
understanding of the skin permeability properties.

In the present paper, we examined by Raman microspec-
troscopy the lipid distribution of a widely studied model
system made of an equimolar mixture of bovine brain
ceramides, cholesterol, and palmitic acid, the three main
compounds of SC. This mixture has revealed a rich poly-
morphism that shows similar features as those displayed by
the intact SC (Kitson et al., 1994; Bouwstra et al., 1996).
Raman spectroscopy is a precious tool to analyze lipid
structure and organization (Wegener et al., 1996, 1997,
Lawson et al., 1998; McCarthy et al., 2000) as the sampling
requires no or little modification of the sample. The micro-
Raman mapping allows the acquisition of chemical and
morphological information over an area of the sample with
a spatial resolution of the order of 1 wm. Using a visible
laser light with an ordinary optical light microscope and a
motorized X-Y stage, Raman spectra can be collected from
small volume elements of a region of a sample and maps
can be generated by analyzing characteristic bands. The
analysis of the Raman spectra is rather complex as cer-
amides, cholesterol, and fatty acid give rise to similar vi-
brations appearing in the same spectral windows. To mon-
itor individually palmitic acid, we used a perdeuterated fatty
acid and to separate the ceramides and the cholesterol
contributions in the C-H stretching vibration (v_) region,
we used curve fitting to obtain a calibration curve using
characteristic bands. D,0-based buffer was used with a pH
of 5.3 corresponding to the physiological pH of the SC layer
(Ohman and Vahlquist, 1994).

Using micro-Raman mapping, we investigated the phase
behavior of a ternary equimolar mixture of ceramides, cho-
lesterol, and palmitic acid, freeze-dried and hydrated. The
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freeze-dried mixture is used as a control for the method as
it is supposed to be homogeneous, whereas phase separation
is expected in the hydrated mixture.

MATERIALS AND METHODS

Bovine brain ceramides (type III) (Cer), cholesterol (Chol), and 2-N-
morpholinoethanesulfonic acid (Mes) buffer were purchased from Sigma
Chemical Co. (St. Louis, MO). Perdeuterated palmitic acid (PA-d;,) was
obtained from CDN Isotopes (Pointe-Claire, Canada) and EDTA from
Aldrich (Milwaukee, WI).

To obtain the lipid mixtures, a stock solution of each lipid was prepared
in a benzene/methanol mixture, 95/5 (v/v) for cholesterol and palmitic acid
and 90/10 (v/v) for ceramides. Appropriate volumes of the solutions were
mixed to obtain the desired lipid composition, and the organic solutions
were then freeze-dried. The resulting powder should have preserved the
random distribution of the molecular species that existed in the organic
solutions.

For the hydrated samples, the solid lipids were hydrated with a large
excess (~30 mg ml~ ") of buffer (100 mM Mes buffer, containing 100 mM
NaCl, 5 mM EDTA, in D,O0, at pH 5.3). A D,0-based buffer was used
because it provides a Raman signal (the O-D stretching mode located at
2200-2850 cm™ ') between the C-H (2750-3100 cm™') and the C-D
stretching (1900-2250 cm ') bands. This band that is useful to examine
the hydration of the samples limits the spectral window that had to be
scanned. In addition, because the proper incubation of the samples was
verified by the profile of the amide 1" band of the infrared (IR) spectra
(Lafleur, 1998), the D,0O-based buffer prevented the strong spectral inter-
ference of water in the amide I region. The samples were incubated for
three 10-min periods at 80°C. Between incubation periods, the samples
were vortexed and cooled down to room temperature. The samples were
finally incubated at 36°C for at least 1 h before Raman mapping. The
proper annealing of the samples was verified as described previously
(Lafleur, 1998) by recording the IR spectrum of an aliquot of the mixture
and by verifying that the amide 1" region included the three components
that were associated with the thermodynamically stable phase of the
ternary mixture at low temperatures.

Raman spectroscopy

The Raman spectra were recorded using a Renishaw Raman Imaging
Microscope WiRE (V1.2) (System 3000) (Renishaw, Gloucestershire, UK)
containing a holographic grating (1800 grooves mm '), a Leica micro-
scope equipped with a long-working-distance objective with magnification
factor of X50, and a Peltier cooled CCD detector (600 X 400 pixels). The
spectra were excited by the 514.5-nm line of an argon ion (Ar*) laser. The
laser power at the sample was ~1 mW. The diameter of the beam with the
optical set-up used for the data collection was ~2.5 wm, as measured on its
reflection on a silicon surface. This configuration led to a spectral resolu-
tion of ~2 cm ™. The spectra were recorded at room temperature. These
systems have been shown to remain in a very ordered phase up to 40°C
(Kitson et al., 1994; Moore et al., 1997; Lafleur, 1998). Therefore, the
recorded spectra are typical of this lipid state.

For anhydrous samples, the lipids were spread between a microscope
glass slide and a glass cover. In the case of hydrated samples, the wax-like
mixture was transferred with an excess of buffer in a homemade sealed
Teflon cell that included a glass cover; this set-up was necessary to ensure
maintaining the sample hydration.

For the mapping, spectra were recorded between 1900 and 3200 cm ™~
in the continuous mode. The acquisition of each spectrum required ~30 s,
and the digital resolution was one data point/1.6 cm™'. To investigate the
spatial distribution of the three compounds, the sample was moved by a
computer-controlled translational stage. Typically, a surface of 40 um X
40 wm was scanned by moving the sample by 1-um steps. Therefore, 1681
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FIGURE 1 Raman spectra of various anhydrous Cer-Chol mixtures with
defined molar ratio, normalized to the same total area.

spectra were recorded over the surface, for a total acquisition time of ~16
h. Maps were then generated by integrating the area of characteristic bands
as described below. The data analysis and the map generation were
performed using GRAMS/32 (Galactic Industries Corp., Salem, NH) and
the WiRE software (version 1.3) (Renishaw Spectroscopy Products Divi-
sion).

RESULTS AND DISCUSSION

Before the analysis of the Raman mapping of the SC mod-
els, the Raman spectra of each compound were recorded.
Ceramides and cholesterol both absorb in the same spectral
windows. For example, the v _; region of the Raman spec-
tra of pure ceramides and cholesterol as well as of some dry
binary mixtures of these chemicals are displayed in Fig. 1.
For both ceramides and cholesterol, the bands around 2845
and 2880 cm ' are associated with the symmetric and
antisymmetric CH, vibration stretching modes (v,CH, and
v,CH,) (Bulkin and Krishnan, 1971; Faiman, 1977; Wil-
liams et al., 1992; McCarthy et al., 2000). The bands at 2895
and 2930 cm ™! of the ceramides spectra have been associ-
ated with a broad contribution due to Fermi resonance
involving the chain terminal CH; symmetric stretching
(v;CH;) mode and binary combinations or overtones of the
CH, deformations modes (Williams et al., 1992; McCarthy
et al., 2000). The band at 2865 cm ™' in the cholesterol
spectrum has been associated to the ¥,CH; mode whereas
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TABLE 1 Curve-fitting parameters for the 2794-2980-cm™*
region
Peak
number Center (cm™ ") Width (cm™") % Lorentzian
1 2842-2852 =14 0-0.5
2 2855-2872 =14 0-0.5
3 2875-2890 =14 0-0.5
4 2890-2906 31.5 0
5 2928-2938 31.5 0
6 2950-3050 31.5 0

the band at 2902 cm™ ' was assigned to methyl on the
steroid rings or ternary C-H (Bulkin and Krishnan, 1971).
The contribution at 2930 c¢cm ™' probably arises from a
contribution of both CH, and CH; groups in the cholesterol
molecules. The other bands of the spectra could not be
attributed unambiguously from the literature.

The Raman spectra of Cer-Chol mixtures are complex
owing to the overlap of the Raman bands in the spectra of
the two compounds. The mixture spectra can actually be
simulated by a linear combination of the individual spectra
in the appropriate proportions. The additive property of the
spectra implies that, in these solid mixtures, there is no
significant changes in the spectra that would be associated
with intermolecular interactions because the C-H (as well as
the C-D) stretching modes are sensitive to the acyl chain
conformational order (Mantsch and McElhaney, 1991; We-
gener et al., 1997; Lawson et al., 1998; McCarthy et al.,
2000). Because of the spectral additivity, the proportion of
cholesterol in a sample can be estimated from the subtrac-
tion of the cholesterol spectrum from the spectrum of the
mixture to obtain a spectrum similar to that of pure cer-
amides, once the spectral intensities have been normalized.
However, we have found that this approach is rather sub-
jective and difficult to implement on a spectral cube that can
contain over 1600 spectra. On Fig. 1, one can observe that
the relative areas of several bands in the v region are
modified as a function of the cholesterol content in the
mixtures. The vy region includes at least six components
that can be identified from the visual inspection of the
spectra. Therefore, we have attempted to simulate this re-
gion (27942980 cm ") of all these spectra with a mathe-
matical curve-fitting procedure, using six bands described
as mixtures of Gaussian and Lorentzian functions. To obtain
reproducible results and to limit the occurrence of mathe-
matical solutions that are unreasonable from a spectroscopic
point of view, some parameters were fixed or allowed to
vary within a limited range. The limitations imposed on the
parameters are displayed in Table 1. The spectral window
associated with the position of each component was selected
to ensure that one and only one band would be found where
components are seen in the spectra. The width and the
percentage of Lorentzian of the peaks 1, 2, and 3 were
allowed to vary in a limited range. The shape of the com-
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FIGURE 2 Experimental (—) and simulated (— — —) Raman spectra

for hydrated Cer-Chol-PA-d;, mixtures in the vy region with 4 and B
corresponding to a ceramide- and a cholesterol-rich domain, respectively.

ponents 4, 5, and 6 was Gaussian and their width was fixed
to 31.5 cm™ ' as small changes in peaks 4 and 6 influence
considerably the area of peak 5 (at ~2930 cm™ '), the peak
selected to probe the cholesterol content. These limitations
have always provided reasonable solutions for all the treated
spectra (over 10,000 spectra). The band-fitting results ob-
tained for two samples with different cholesterol content are
shown in Fig. 2.

It was found that the area of peak 5 located around 2930
em~ ! (4,930) could be used as a probe for the cholesterol
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FIGURE 3 Calibration curve to determine the cholesterol content.
Asgs0/Ar represents the area ratio of the simulated band around 2930 cm ™'
over the total v region area in the Raman spectra of anhydrous binary
Cer-Chol mixtures. The variation of 4,45,/41 as a function of cholesterol
molar ratio (Chol) is represented. The error bars represent the standard
deviation on the results obtained from at least three spectra recorded on
different spots of the samples. The solid line represents the fit obtained
according to Eq. 1A.

content. This area was expressed relative to the total area of
the vey region (4p), integrated between 2780 and 3100
ecm~'. The quantitative correlation existing between the
contribution of the cholesterol in the v region as ex-
pressed by the A,450/4t ratio and the proportion of choles-
terol in the binary Cer-Chol model mixtures, expressed by
Chol® (the superscript b refers to the binary mixture) is
plotted in Fig. 3. The results indicate that the contribution of
the band at 2930 cm™ ' increases progressively with the
cholesterol molar fraction. It should be noted that this molar
fraction is expressed relative to the quantity of ceramides
and cholesterol and does not take into account the deuter-
ated fatty acid. The relationship was described by a rational
function and could be fitted with the following equation:

Asso 0.1481 +0.004 X Chol”
Ar  1-0.38 X Chol®

(1A)

This equation relating the A4,45/A ratio and the proportion
of cholesterol can be reorganized to provide a relationship
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FIGURE 4 The 1900-3200-cm ' regions of the mean Raman spectra
for freeze-dried (—) and hydrated (— — —) Cer-Chol-PA-d;, equimolar
mixtures, averaged over the map.

allowing us to evaluate the proportion of cholesterol from
the 4,93¢/Ay ratio obtained from a spectrum:

4
230 _0.1481
Chol® = L (1B)
A2930
0.004 + 0.38 X
Ar

This approach was applied to our spectral cubes to estimate
the cholesterol and ceramides molar fractions over the sur-
face analyzed by Raman mapping.

We have examined the lipid distribution in the freeze-
dried and the hydrated equimolar mixture of Cer-Chol-PA-
ds,. For each sample, a spectral cube composed of 1681
Raman spectra collected over a 1600-um? surface (i.e.,
about one spectrum per 1 wm?). The spectra resulting from
the averaging over all the spectra recorded for one sample of
the dry and the hydrated mixtures are displayed in Fig. 4. As
expected, both spectra are very similar as the mixtures have
the same composition. The symmetric and antisymmetric
CD, stretching modes (v,CD, and v,CD,) arising from the
deuterated fatty acid are observed at 2100 and 2175 cm ™',
respectively. This region also includes the symmetric CD;
stretching mode (v,CD;), which gives rise to two compo-
nents at 2120 and 2075 cm ™!, this splitting being attributed
to an interaction with the overtone of the asymmetric CD;
deformation mode at 1058 cm ™' (Mendelsohn et al., 1976;
Bryant et al.,, 1982). The C-H stretching region between
2750 and 3100 cm~' shows a similar profile to those
recorded for equimolar mixtures of ceramides and choles-
terol. The spectra obtained for the dry and the hydrated
samples are very similar, the main difference being the
appearance of the O-D stretching band associated with D,O
at around 2500 cm ™~ '. As the methylene and methyl stretch-
ing regions are sensitive to chain order (Mantsch and McEl-
haney, 1991; Wegener et al., 1997; Lawson et al., 1998;
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McCarthy et al., 2000), the similarity of the band profiles in
the C-H and C-D stretching regions indicates that the hy-
dration does not lead to considerable changes of acyl chain
order. This result is in agreement with previous results
obtained by IR (Moore et al., 1997; Lafleur, 1998) and *H
NMR (Abraham and Downing, 1991; Fenske et al., 1994)
spectroscopy, indicating highly ordered acyl chains in the
hydrated samples.

To investigate the spatial distribution of each component
in the sample, a systematic and objective analysis of the
Raman spectra has been applied. First, maps were obtained
by integration of the areas of three characteristic regions: 1)
the 2780—3100-cm ™' region, which is associated with the
vy of both cholesterol and ceramides (Map(ve_y)); 2) the
area of peak 5 at 2930 cm ™' as obtained from the curve-
fitting procedure in the v region (Map(A,y50)), which
was used to quantify the cholesterol content; and 3) the
2015-2250-cm ™' region, which is associated with the v p
of PA-d;; (Map(ve_p)) (maps not shown).

To determine the molar fractions of each component from
the spectrum associated with each sampling element, the
molar fraction relative only to cholesterol and ceramides,
Chol® and Cer®, were first calculated from the v ; region.
A map was obtained by dividing the areca of peak 5
(Map(A,g39)) over the total area of the wv. band
(Map(v¢_yy)) for each element. These ratios are proportional
to Chol® in the system based on the Eq. 1A; the values of
Chol® and Cer® (1 — Chol®) of each sampling element were
calculated using this relationship leading to the Map(Chol®)
and Map(Cer®).

To determine the PA-d;, content, Raman intensity ratios
were used as the C-H stretching modes are mainly associ-
ated with ceramides and cholesterol, whereas the C-D
stretching region is associated with the palmitic acid. The
absolute Raman intensity could vary significantly between
the sampling elements because some parameters, such as the
quantity of material and the optical properties associated
with each element, were not identical. This variation in the
C-H region was taken into account by performing the fol-
lowing normalization procedure. First, the maps Map-
(Chol®) and Map(Cer®) were multiplied by Map(vc._g;). Two
maps were thus obtained, Map(A,.;) and Map(Ac,), cor-
responding to relative areas representative of the molar
fractions of cholesterol and ceramides, respectively, and of
the absolute Raman intensity measured for each element.
The average values over Map(Acy,.;) and Map(Ac,,) were
practically equal because cholesterol and ceramide were
equimolar in the mixture. Second, to determine the PA-d5,
content, the absolute intensities of the v _, region had to be
normalized as the C-D stretching modes are less active than
the equivalent C-H stretching modes. The areas associated
with the v _, region (Map(vc_p)) were first multiplied by a
constant to obtain the same average area value over this map
as the average area values over Map(Acy,,;) and Map(Ac.,)-
This operation was associated with the fact that each com-
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ponent was in equimolar proportion and, therefore, an
equivalent Raman intensity over the whole investigated
surface was assigned. The generated map was referred to as
Map(v®5) This normalization factor had to be slightly
adjusted for each sampling element because the (v-_, band
area/v_y; band area) ratio is slightly dependent on the molar
fraction of ceramide and cholesterol contributing in the C-H
stretching region. To determine this correction of the area
normalization, we recorded the spectra of ternary mixtures
containing different molar fractions of cholesterol (Chol®)
and ceramide (Cer®), but always 50(mol)% of PA-d;, to
provide an internal intensity standard. The graph of the total
area of the vy band, normalized relative to that measured
when Chol® was 0.5, as a function of Chol® was linear (data
not shown), and the linear least-squares fit was

Area of the v._j; band
Area of the v._y band for (Chol® = 0.5)

= —0.466 Chol® + 1.233. (2A)

To provide a more accurate normalization of the C-D re-
gion, the areas associated with the Map(v( ) were multi-
plied by the factor taking into account the variations of
Chol®. Over the maps, this correction was on the order of
10%. A map corresponding to palmitic acid (Map(Ap,))

was therefore obtained from
Map(Apy) = Map(ve™y
X [ — 0.466 Map (Chol®) + 1.233].
(2B)

The molar fractions of cholesterol, ceramides, and palmitic
acid in the ternary mixture (Chol', Cer', PA") for each
sampling element could therefore be calculated using the
following equations:

Ma (Cer‘) _ Map(ACer)
P Map(Ace) + Map(Acyo)+Map(Apy)
Map(Acnor)
Map(CholY)=
( ) Map(Ace;) +Map(Acpo) T Map(Ap,y)
Map(Ap,)
Map(PA"Y) = 3
P(PA) = Map(Ace)  Map(Acy) + Map(Apy) )

Three maps corresponding to the molar fractions of choles-
terol (Map(Chol")), ceramides (Map(Cer")), and palmitic
acid (Map(PA")) in the ternary mixture were obtained for
the freeze-dried and the hydrated samples (Fig. 5). The
average value obtained over these three maps for the freeze-
dried, and the hydrated sample is ~0.33. The gray scale was
established to cover =25% of the average value obtained
over the whole map. For the freeze-dried sample, the dis-
tribution of the three components was rather homogeneous
as shown by the homogeneously gray map. On the other
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FIGURE 5 Raman maps corresponding to cholesterol (4 and D), cer-
amides (B and E) and palmitic acid (C and F) molar fraction maps
((Map(Chol"), Map(Cer") and Map(PA")) for the Cer-Chol-PA-d;; equimo-
lar mixtures collected over an area of 40 X 40 wm?. Freeze-dried (4—C)
and hydrated (D—F) mixtures. The gray scale covers 25% on either sides of
the average value over the whole map.

hand, the hydrated and incubated sample showed a much
more contrasted signal. For each of the three components,
the maps showed some regions enriched (lighter) or de-
pleted (darker) in one type of lipid. The lipid distributions
obtained for the two types of samples are shown on Fig. 6.
In the case of the freeze-dried homogeneous mixture (Fig. 6,
A-C), we observe a narrow distribution centered near 0.33.
The lipid composition distributions were fitted with a
Gaussian curve, and the mean value obtained was 0.33 with
a standard deviation of 0.02. This result indicates that the
freeze-dried mixture displays a homogeneous lipid distribu-
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tion and also validates our spectral data-processing proce-
dure. In the case of cholesterol and ceramides, the distribu-
tion is slightly larger than in the case of palmitic acid, which
can be explained by the fact that the separation of the
respective cholesterol and ceramides contribution is not as
straightforward as that of palmitic acid. Fig. 6, D—F, shows
the distribution of the molar fraction values for the hydrated
mixture. The average molar fraction is indeed ~0.32 = 0.04
for each component, but the composition distribution of the
hydrated sample is much larger than for the anhydrous
mixture. Conversely to the freeze-dried mixtures for which
the palmitic acid distribution was the narrowest, it is the
widest for the hydrated samples. This component is the
easiest to locate because of the isotopic shift, and therefore
the related results are likely more accurate. About 75% of
the sampling elements in the hydrated samples correspond
to domains whose composition is different by 25% or more
from the average value obtained over the whole map, i.c.,
elements that can be considered as enriched or depleted in
one component.
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The phase separation phenomenon in the hydrated SC
lipid model mixtures can be highlighted by overlapping the
maps representing the enriched domains in one particular
lipid. In this case, a volume element defined as enriched in
one given lipid species was marked with a given color. The
operational definition of enriched element that we used was
a sampling element with a molar fraction in one species
greater by 25% or more than the average value, i.e., a molar
fraction higher than ~0.41 in one species. In the freeze-
dried sample, no such element could be observed as illus-
trated by the molar fraction distributions (Figs. 5 and 6,
A-C). As the lipids are freeze-dried together from an or-
ganic solution, the resulting powder is homogeneous. The
results obtained with the hydrated samples are shown in Fig.
7 A. The map is the result of the superimposition of the three
maps Map(Chol"), Map(Cer"), and Map(PA") represented on
Fig. 5, D-F, where domains were colored according to their
major component and regions without any dominant com-
ponent were left black. Several domains enriched in cho-
lesterol, ceramides, or palmitic acid are observed. The do-
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FIGURE 7 (4) Superimposition of the cholesterol-rich (blue), ceramide-
rich (green), and palmitic-acid-rich (red) domains. (B and C) Superposition
of the 2880-cm ™' band width values and the ceramide-rich domains (B)
and of the 2100-cm™' band width values with the palmitic-acid-rich
domains (C). The width, measured at half height, of the 2880- and 2100-
cm™! bands are displayed using a gray scale from 14 to 16 cm™' and 17
to 20 cm ™', respectively. In the spectral fitting, the standard error associ-
ated with the band width was ~0.4 cm ™'

mains do not appear to have a well defined shape. The
enriched domains for each single component cover ~24 =+
8% of the surface scanned (21% for ceramides, 17% for
cholesterol, and 33% for palmitic acid). If a domain were
defined as a series of sampling clements with at least one
adjacent side, the average size and the standard deviation
would be 26 * 48 um? for ceramides, 23 = 26 um? for
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FIGURE 8 Raman spectra of a hydrated Cer-Chol-PA-d;, equimolar
mixture in the 1900-3200-cm ™' region in cholesterol-rich (4), ceramide-
rich (B), and palmitic-acid-rich (C) domains.

cholesterol, and 56 + 149 um? for palmitic acid. Spectra
extracted from cholesterol-, ceramides-, and palmitic-acid-
rich regions are displayed on Fig. 8, A—C. These examples
of raw data clearly support the conclusions reached from the
systematic spectral analysis. The visual inspection of the
spectra convincingly shows the enrichment in a specific
component.

As it is well established that the CH, and CD, stretching
modes can be used to measure the degree of order of the
alkyl chain, the disorder of the C-H and C-D chains was
estimated by measuring the band widths at 2880 and 2100
cm~ ' (Mendelsohn and Koch, 1980; Kouaouci et al., 1985;
Wegener et al., 1996, 1997; Lawson et al., 1998; McCarthy
et al., 2000). The bandwidths were obtained by curve-fitting
procedures. In the case of C-H stretching, the width-at-half-
height (Av,,CH) of the peak 3 (Table 1) was used to
estimate the ceramides order. For the analysis of the C-D
stretching region, a curve-fitting procedure was performed
using the parameters described in Table 2. The Av,,CD of
peak 3, located around 2100 cm ™', was used to probe the
palmitic acid order. An increase in these bandwidths is
generally associated with less ordered acyl chains. Two
maps were obtained with each pixel representing the width
of a methylene stretching band (Fig. 7, B and C). The
changes in width were limited. However, in some areas,
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TABLE 2 Curve-fitting parameters for the 2014-2204-cm™*
region

Peak
number Center (cm™ ") Width (cm™") % Lorentzian
1 2045-2055 140 0-0.5
2 20682078 1-40 0-0.5
3 2093-2103 1-40 0-0.5
4 2116-2126 140 0-0.5
5 2138-2148 1-40 0-0.5
6 2168-2178 1-40 0-0.5
7 2191-2201 140 0-0.5

components with significantly greater width could be ob-
served. In Fig. 7 B, the map representing the hydrogenated
acyl chain disorder inferred from the 2880-cm ™' band was
superimposed to the map showing the ceramides-rich do-
mains, and in Fig. 7 C, the map representing the deuterated
acyl chain disorder, inferred from the 2100-cm ™! band, was
superimposed to the map showing the deuterated palmitic-
acid-rich domains. The more disordered lipids were gener-
ally found outside the enriched domains, in the neighboring
regions. These maps support the existence of crystalline
domains surrounded by a more fluid lipid matrix.

The proposition of domains with heterogeneous lipid
composition is consistent with recent results obtained on
similar mixtures. IR studies (Moore et al., 1997; Lafleur,
1998; Moore and Rerek, 2000) have reported the formation
of crystalline domains enriched in palmitic acid or cer-
amides. Because the splitting measured for the methylene
deformation and rocking bands had the maximum values, it
was proposed that the domains would be formed of almost
pure palmitic acid or ceramides. In our maps, no volume
element showed a molar fraction in one component higher
than 0.80. However, it should be noted that IR spectroscopy
and Raman microspectroscopy operate in different spatial
regimes. The IR vibrational splitting indicates that domains
of at least 100 chains are formed but is insensitive to larger
scale. In Raman microspectroscopy, the sampling element is
at the microscopic scale, i.e., much larger than 100 lipid
chains. Despite the resolution on the order of 2 wm in the
plan perpendicular to the laser beam, the thickness of the
sampled area was ~20 wm (data not shown). Therefore, the
values displayed in the maps are averages over these mi-
croscopic volume elements, and it is likely that they include
relatively pure domains and mixed peripheral lipids, which
would lead to averaged enrichment factors. The observation
of domains in the micro-Raman maps is conclusively asso-
ciated with the phase separation reported by IR spectros-
copy and provides details relative to their size, morphology,
and arrangement. Using AFM, some regions with a height
greater by ~8 A than the rest of a monolayer formed with
a Cer-Chol-PA mixture were observed (ten Grotenhuis et
al., 1996). These domains were interpreted as almost pure
ceramide, more specifically those with long chains that are
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found in the bovine brain ceramides used in that study like
in the present investigation. The composition of the rest of
the monolayer was therefore inferred to be composed of
cholesterol, palmitic acid, and only the short-chain cer-
amides. The size and the shape of the ceramide domains
observed in that study are comparable to the ceramide-
enriched domains that we have identified. Because the
height of cholesterol and palmitic acid molecules is rela-
tively similar, it is not clear whether AFM would distinguish
domains enriched in one of the two components. Another
AFM study showed the formation of small rectangular
domains in monolayers prepared from cholesterol and cer-
amides (Ekelund et al., 2000). These domains were inter-
preted as ceramides domains surrounded by a cholesterol-
rich phase. Even though the sample preparation and
composition were considerably different compared with our
experiments, phase separations in monolayers and in bulk
phase appear to be an emerging feature of the SC lipids.

CONCLUSIONS

In the present work, micro-Raman mapping was success-
fully used to probe the phase separation in Cer-Chol-PA-d5,
equimolar mixtures. We observed directly the presence of
domains enriched in each component of the ternary mixture.
The presented findings support the domain mosaic model
that has been proposed as the architectural basis of the skin
barrier (Forslind, 1994). The presented picture here is actu-
ally reminiscent of a structure where the enriched domains
are mainly crystalline and the surrounding mixed regions
would form fluid edges. As the effective barrier property of
the SC has been related to the ordered arrangement of the
intercellular lipids (Golden et al., 1987; Potts and Fran-
coeur, 1990), a better understanding of the role of each lipid
in governing the barrier function of mammalian skin would
greatly improve our comprehension of skin disease and
transdermal drug delivery (Knutson et al., 1985). It is nec-
essary to identify the role played by various molecular
parameters such as acyl chain mismatch and hydrogen-
bonding capabilities at the headgroup level. The possibility
of visualizing the domain formation by obtaining a spatial
and chemical description of lipid mixtures by micro-Raman
spectroscopy constitutes a powerful approach to gain in-
sights into these issues.
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