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Abstract

The three main lipid components of the stratum corneum, namely ceramides, free fatty acids and cholesterol, play a
fundamental role in the maintenance of the skin barrier. The current investigation is aimed toward understanding the
miscibility and intermolecular interactions of these lipids. Toward this end, Fourier transform infrared spectroscopic studies
of the three possible equimolar binary mixtures of cholesterol, a synthetic non-hydroxylated fatty acid N-acyl sphingosine
with a C18 chain length (N-stearoylsphingosine, approximating human ceramide 2), and stearic acid were undertaken. The
thermotropic responses of the methylene stretching and scissoring vibrations were used to evaluate chain conformation and
packing respectively. Selective perdeuteration, of either the stearic acid or the ceramide acid chains, permitted separate and
simultaneous evaluation of the conformational order and packing properties of the sphingosine chain, the amide linked fatty
acid chains and/or the stearic acid chain. Whereas cholesterol mixed well with ceramide at physiological temperatures, the
stearic acid was miscible with the cholesterol only at relatively high temperatures where the fatty acid is disordered. A
complex interaction between stearic acid and ceramide was detected. A separate fatty acid-rich phase persisted until at least
50³C, whereas at higher temperatures the components appear to be quite miscible. However, a preferential association of the
fatty acid with the ceramide base chain is indicated. None of the binary systems studied exhibit miscibility and interactions
resembling those in the ternary mixtures of these substances, which is widely used to model stratum corneum. The role of
cholesterol in controlling the miscibility characteristics in the ternary system is evident. ß 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The outermost layer of the epidermis, the stratum
corneum (SC), is responsible for skin permeability,
and functions to maintain hydration of the internal

components and to o¡er protection against external
insults [1]. The SC is a heterogeneous structure com-
posed of keratin enriched corneocytes embedded in a
lamellar lipid matrix [2]. It has been proposed that
intercellular lipids play a fundamental role in the
function and maintenance of the skin barrier [3].
SC lipids consist mainly of ceramides, free fatty
acids, and cholesterol in approximately equimolar
concentration [4]. At least seven ceramide classes
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have been isolated; clari¢cation of the precise molec-
ular composition of SC lipids continues to be re¢ned
with improved isolation and separation techniques
[5^7]. The structure and function of the SC lipid
barrier has been probed with a variety of physical
techniques such as X-ray di¡raction [8,9], di¡erential
scanning calorimetry [10,11], electron microscopy
[12], nuclear magnetic resonance [13,14], infrared
(IR) spectroscopy [11,15,16], and Raman spectrosco-
py [17,18]. A number of model studies have focused
on individual ceramides or equimolar mixtures of a
ceramide with a fatty acid and cholesterol. However,
only a few studies of hydrated binary SC lipid mix-
tures have been reported [17,19,20].

The current studies of binary skin lipid mixtures
have been undertaken to enhance our understanding
of the phase behavior and molecular organization of
SC lipids, which in turn will help elucidate the rela-
tionship between barrier lipid organization and SC
function. The use of binary mixtures provides insight
into the role of cholesterol. It is di¤cult to directly
monitor the role of cholesterol by infrared spectros-
copy due to a lack of characteristic absorptions with
sensitivity to intramolecular and intermolecular in-
teractions. In biophysical studies, the e¡ect of cho-
lesterol is most often seen through its impact on
other components, such as the broadening and mod-
ulation of phase transitions in phospholipid mem-
branes [21,22]. These e¡ects are evident in ceram-
ide/fatty acid/cholesterol SC lipid systems [23]. In
binary systems, the role of cholesterol on each com-
ponent can be more clearly inferred.

In this study, mixtures of cholesterol (Chol) with
either N-stearoylsphingosine or stearic acid (SA)
were prepared. In addition, the use of deuterated
derivatives of either Cer2 or SA in each system per-
mitted the separate and simultaneous evaluation of
the conformational order and packing properties of
the sphingosine base chains, the amide linked fatty
acid chains, and/or the stearic acid chain.

2. Materials and methods

Synthetic non-hydroxylated fatty acid ceramides
(N-acyl-D-erythro-sphingosine) comprising amide
linked fatty acid chains of stearic acid (Cer2) were
purchased from Northern Lipids (Vancouver, Cana-

da). An equivalent ceramide with perdeuterated fatty
acid chains (Cer2-d35) was also purchased from the
same source. Deuterated stearic acid (SA-d35) was
obtained from CDN Isotopes (Quebec, Canada).
Proteated stearic acid (SA or SA-h35) and cholesterol
(Chol) were purchased from Sigma Chemical Co. (St.
Louis, MO). All materials were used without further
puri¢cation. The chemical structure of Cer2 is shown
in Fig. 1.

Binary lipid systems were prepared by dissolving
Cer2/SA, SA/Chol, and Cer2/Chol (1:1 molar ratios
in all cases) in chloroform/methanol (2:1, v/v). Ap-
propriate amounts of sample solution were spread
and dried onto a ZnSe ATR crystal mounted in a
trough plate and placed in a temperature-controlled,
horizontal ATR device (Spectra-Tech, Shelton, CT).
The dried lipid ¢lms were hydrated by covering with
excess H2O or D2O bu¡ers containing 150 mM
NaCl, 4 mM EGTA, and 100 mM citrate, at pH
5.5 (generally considered to be the pH of the SC).
A cover plate was placed over the trough to prevent
bu¡er evaporation. Spectra were acquired on a Matt-
son RS1 spectrometer equipped with a broad band
mercury^cadmium telluride (MCT) detector and kept
under continuous dry air purge. Spectra were gener-
ated by co-addition of 256 interferograms collected
at 2 cm31 resolution, and routinely acquired at 2³C
intervals from 25³C to 90³C. Samples were allowed
to equilibrate for 4^5 min between each temperature
increment. Each experiment required approximately
3 h to complete. Equilibration times were varied be-
tween duplicate runs and no signi¢cant di¡erences in
sample thermotropic responses were observed. IR
spectra were analyzed o¡-line using software written
at the National Research Council of Canada. Figures

Fig. 1. The chemical structure of N-stearoylsphingosine.
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were generated using Sigma Plot 5.0 (SPSS, Chicago,
IL).

3. Results

3.1. Cer2-d35 and Cer-d35/Chol

The phase transition, conformational order, and
packing arrangement of the Cer2 fatty acid and
base chains are monitored individually in the pres-
ence of Chol as shown in Fig. 2. As controls, fre-

quency versus temperature plots from the thermo-
tropic behavior of the methylene (CH2 or CD2)
stretching or scissoring vibrations for the Cer2 base
chain (XsymCH2, NCH2) and for the Cer2 acid chain
(XsymCD2, NCD2) are plotted in Fig. 2A,E,B,F, re-
spectively. The plot of XsymCH2 for the base chain
of Cer2 (Fig. 2A) shows clear evidence of a solid^
solid transition centered at V70³C and characterized
by an increase in frequency from 2848.5 to
2850 cm31. This is followed by the main order^dis-
order transition at V92³C. However, as monitored
via the thermotropic response of XsymCD2 in Fig. 2B,

Fig. 2. (A^D) Thermotropic response of XsCH2 from the ceramide base chain, and XsCD2 and from the ceramide acid chain of a pure
hydrated Cer2-d35 sample (A and B, respectively) and from a hydrated Cer2-d35/Chol (1:1) sample (C and D, respectively). (E^H)
Thermotropic response of NCH2 from the ceramide base chain, and NCD2 and from the ceramide acid chain of pure a hydrated Cer2-
d35 sample (E and F, respectively) and from a hydrated Cer2-d35/Chol (1:1) sample (G and H, respectively).
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the Cer2 acid chain does not show a signi¢cant sol-
id^solid transition before its major melting transition
at 92³C. The packing properties of the Cer2 base and
acid chains are monitored via the NCH2 and NCD2

modes as plotted in Fig. 2E,F, respectively. The
NCH2 mode of the ceramide base chain (Fig. 2E)
shows a single component at almost constant fre-
quency (1468.5 cm31) through all temperatures,
although there is a slight decrease in frequency at
V68³C (to 1468 cm31) and a V1 cm31 drop at
the main chain melt. However, the NCD2 mode of
the ceramide fatty acid chain reveals a clear splitting
at 1086.5 and 1090.5 cm31 initially (Fig. 2F) which
collapses to a single peak (1088 cm31) at V67³C.

The Cer2/Chol binary mixture demonstrates signif-
icantly di¡erent thermotropic behavior than Cer2
alone. The XsymCH2 frequency from the ceramide

base chain undergoes a small increase from 2849 to
2850 cm31 at V60³C (Fig. 2C) which likely repre-
sents a loosening of chain packing rather than con-
formational disordering of the base chain. At the
same temperature, the CD2 stretching mode fre-
quency of the ceramide acid chain increases from
2088C2090.5 cm31 (Fig. 2D). In neither case is a
main orderCdisorder transition observed. Further-
more, both NCH2 and NCD2 of the ceramide base
chain and ceramide acid chains (Fig. 2G,H, respec-
tively) exhibit single peaks at all temperatures,
although a 1 cm31 decrease in NCH2 is observed at
60³C. Despite the small changes in the methylene
stretching modes observed near 60³C for both the
ceramide base and acid chains, the data show that
at all temperatures both chains are conformationally
ordered in the presence of cholesterol.

Fig. 3. The thermotropic responses of XsCH2 and NCH2 from pure stearic acid (SA) are shown in A and D, respectively, while those
of XsCD2 and NCD2 from pure deuterated stearic acid (SA-d35) are shown in B and E, respectively. The thermotropic responses of
XsCD2 and NCD2 from SA-d35 in a hydrated SA-d35/Chol mixture are shown in C and E, respectively.
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3.2. SA and SA-d35 acid/Chol

Plots of the thermotropic behavior of XsymCH2

and NCH2 for pure SA-h35 are shown in Fig.
3A,D, respectively. The XsymCH2 plot reveals (Fig.
3A) a main order (solid)Cdisorder (liquid) transi-
tion at V67³C accompanied by a frequency in-
crease from 2848.7 to 2852.5 cm31. In addition, at
V65³C, the NCH2 scissoring band splittings (1463,
1472 cm31) collapse (Fig. 3D) to a single peak at
V1467.5 cm31. Plots of frequency versus temper-
ature for XsymCD2 and NCD2 modes of pure SA-
d35 are shown in Fig. 3B,E, respectively. The
XsymCD2 plot reveals (Fig. 3B) the main order (sol-

id)Cdisorder (liquid) transition at V65³C accom-
panied by a frequency increase from V2085 to
V2094 cm31. At V62³C, the NCD2 scissoring
band splitting (1085.4, 1091.7 cm31 at low temper-
atures) collapses (Fig. 3E) to a single peak at
V1088 cm31.

The SA-d35/Chol melting pro¢les are presented
Fig. 3C,F. Two e¡ects on the melting behavior of
SA-d35 are seen. The ¢rst is a broadening of the
transition to a width of V10³C, compared to the
pure fatty acid where the width is V2^4³C. Second,
the midpoint is shifted down to V55³C from
V65³C. Furthermore, the NCD2 splitting, clearly evi-
dent at low temperatures at 1085 and 1091.9 cm31,

Fig. 4. The thermotropic response of XsCH2 from the ceramide base chain (in a Cer-d35/SA-d35 mixture), XsCD2 from the ceramide
acid chain (in a Cer-d35/SA mixture), and XsCD2 of SA-d35 (in a Cer-h35/SA-d35 mixture) are shown in A, B and C, respectively.
(D) Thermotropic response of the averaged XsCD2 from the ceramide acid and stearic acid chains in a Cer-d35/SA-d35 mixture.
(E) Thermotropic response of the averaged XsCH2 from the ceramide base and stearic acid chains in a Cer-d35/SA mixture.

BBAMEM 78108 28-5-01

H.-C. Chen et al. / Biochimica et Biophysica Acta 1512 (2001) 345^356 349



collapses at 55³C to a single peak at 1088 cm31 (Fig.
3F).

3.3. Binary SC lipid mixtures of Cer2-h35/SA-d35,
Cer2-d35/SA-d35, and Cer2-d35/SA

Perdeuteration of the Cer2 stearic acid chain or
the stearic acid in the above binary mixtures permits
the phase behavior and organization of the Cer2
fatty acid chain, base chain, or stearic acid chain to
be speci¢cally and directly monitored. In Fig. 4A, the
thermotropic response of the XsymCH2 from the Cer2
base chain is plotted, and reveals at least two over-
lapped melting processes (melting range 50^70³C)

characterized by an overall frequency increase from
V2848.7 to 2854 cm31. Fig. 4B shows the XsymCD2

frequency from the perdeuterated Cer2 acid chain
undergoing a cooperative phase transition from a
highly ordered phase (2087.5 cm31) to a disordered
phase (2094 cm31) with a Tm of V67³C. The
XsymCD2 data from SA-d35 clearly reveals two tran-
sitions as indicated in Fig. 4C. The ¢rst, character-
ized by a frequency increase of V2 cm31 (from a
low-frequency value of V2087 cm31) occurs with a
midpoint of approximately 53³C. As the temperature
is increased, a second highly cooperative transition is
observed, characterized by a frequency increase from
2089C2096 cm31 centered at 66³C.

Fig. 5. The thermotropic response of NCH2 from the ceramide base chain (in a Cer-d35/SA-d35 mixture), NCD2 from the ceramide acid
chain (in a Cer-d35/SA mixture), and NCD2 of SA-d35 (in a Cer-h35/SA-d35 mixture) are shown in A, B and C, respectively. (D) Ther-
motropic response of the averaged NCD2 from the ceramide acid and stearic acid chains in a Cer-d35/SA-d35 mixture. (E) Thermo-
tropic response of the averaged NCH2 from the ceramide base and stearic acid chains in a Cer-d35/SA mixture. (F) Thermotropic re-
sponse of the averaged NCH2 from both of the ceramide chains in a Cer-h35/SA-d35 mixture.
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Fig. 4D displays the melting behavior for
XsymCD2, which re£ects the average behavior of
the stearic acid and Cer2 acid chains in the Cer2-
d35/SA-d35 mixture (only the cer2 base chain is
proteated). The initial frequency is low (2087
cm31) indicating that the chains are tightly packed
and in the fully extended all-trans conformation. An
increase in rotational freedom, due to loosening of
chain packing, is observed between 50 and 62³C as
manifest by a 1 cm31 change in frequency from
2087 and 2088 cm31. This is followed by a further
cooperative 6 cm31 increase centered at V66³C.
A plot of the averaged XsymCH2 frequency from
the SA and Cer2 base chains as a function of
temperature, is displayed in Fig. 4E. The low and
relatively constant value of XsymCH2 (2848.3 cm31)
indicates that these chains are highly ordered from
20^50³C. The introduction of conformational
disorder and rotational freedom (i.e., loosening of
chain packing) begins at 52³C with a frequency in-
crease of V1 cm31. The system undergoes a second
phase transition from 62³C to 67³C, characterized
by an increase in XsymCH2 to 2853 cm31. It is inter-
esting to note that while each chain in Fig. 4 is
spectroscopically isolated, in all cases the main
transition for the isolated chain is centered at
V66³C.

The temperature induced variation in the NCH2

of the Cer2 base chain is plotted in Fig. 5A. An
initial single peak is seen at V1468.5 cm31, which
then decreases slightly at 64³C to 1467.5 cm31. How-
ever, the components of the CD2 scissoring modes
from the perdeuterated acyl acid chains of Cer2
exhibit di¡erent behavior (Fig. 5B). At temperatures
6 47³C, the mode is split with components near
1086.9 and 1090.1 cm31 then collapses to a single
peak at 1089 cm31, and undergoes a further overall
decrease in frequency of V1 cm31 between 60³C and
75³C. The splitting is indicative of chains packed in
an orthorhombic perpendicular subcell. In Fig. 5C,
the NCD2 bands of SA-d35 in the binary mixture
show an initial splitting with bands at 1085.3 and
1091.8 cm31. This is followed by a monotonic de-
crease in the magnitude of the splitting such that
the peaks are at V1086.3 and 1090.5 cm31 at
50³C. The splitting collapses to a single peak (1088
cm31) at 54³C. The NCD2 modes averaged from the
SA-d35 and Cer2 acid chains are also split as shown

in Fig. 5D. At lower temperatures the mode is split
into components of 1086.2 and 1090.8 cm31 followed
by a collapse at 52³C to 1088.5 cm31, with further
minor decreases at higher temperatures.

Three peaks are clearly noted in the second deriv-
ative plots of the Cer2-d35/SA mixture. Original and
inverted second derivative spectra for the scissoring
region of a Cer2-d35/SA mixture are shown in Fig.
6A,B, respectively. The splitting of NCH2 modes
from the SA-h35 and Cer2 base chain are plotted in
Fig. 5E. The CH2 bending modes at 25^54³C indi-
cate a clear presence of two components at 1463.1
and 1471.7 cm31 which collapse into one band at
53³C. In addition, a band appears at low tempera-
tures at 1468.6 cm31 and exhibits a monotonic de-
crease in frequency beginning at 55³C. Similar e¡ects
are noted (Fig. 5F) for the sample in which both
Cer2 chains are proteated, although the temperature
at which the splitting collapses is increased to
V59³C.

3.4. Ternary SC lipid mixture of
Cer2-h35/SA-h35/Chol

In Fig. 7, the average thermotropic e¡ect on both

Fig. 6. (A) Original spectra showing the NCH2 spectral region
in a Cer-d35/SA mixture from 25 to 90³C. (B) Inverted second-
derivative spectra clearly show the presence of three major
bands at temperatures below V53³C.
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XsymCH2 and NCH2 for both Cer2 and SA is shown.
Fig. 7A gives the average XsymCH2 for the ternary
mixture. The system is very ordered at room temper-
ature with XsymCH2 at 2848.5 cm31. A broad disor-
dering/packing alteration between 45 and 55³C is
manifest as a change in frequency from 2848.5 to
2850 cm31. This is followed by a broad transition
from 55³C to 65³C with a change in frequency
from 2850 to 2852 cm31. Full disordering is not ob-
served as the average XsymCH2 remains near 2852
cm31.

Chain packing can be determined through the CH2

rocking mode (Fig. 7B). At temperatures 6 40³C,
the mode is split with components near 728 and
720 cm31. The splitting is indicative of chains packed
in an orthorhombic perpendicular subcell, which col-
lapses to a single peak at 720 cm31 at 47³C and
undergoes a further increase in frequency of V1
cm31 between 65³C and 75³C.

4. Discussion

To elucidate the unique nature of SC, and to en-
hance current understanding of the phase behavior
and molecular organization of SC lipids, we have
undertaken studies of binary mixtures of skin lipids.
Previous experiments focused on fatty acid chain ho-
mogeneous Cer2 in which the acid chains (lengths
C14, C16, C18 and C20) were perdeuterated [24].
As noted in the introduction, the use of binary mix-
tures provides further insights into the role of cho-
lesterol. In the current report the miscibility of cho-
lesterol with either Cer2 or with SA is explored via
the thermotropic behavior of methylene vibrations
sensitive to both intermolecular and intramolecular
chain behavior. Utilizing isotopically labeled SA and
Cer2 in mixtures with Chol minimizes the potential
interference from Chol vibrations. This approach
permits some detailed structural conclusions to be
reached.

At an equimolar ratio, Chol and Cer2 are well
mixed at physiological temperatures. Comparing
Fig. 2A with C and Fig. 2B with D indicate that
an equimolar amount of Chol abolishes the main
order^disorder transition of both the Cer2 base and
acid chains. The small increase in XsymCH2 at V60³C
probably re£ects a loosening of chain packing rather
than signi¢cant £uidizing of the Cer2 base chains
since XsymCH2 remains below 2850 cm31 at all tem-
peratures. Similarly, the 2 cm31 increase in XsymCD2

may result from an increased rotational freedom of
the Cer2 acid chains, rather than signi¢cant confor-
mational disordering. The miscibility of Chol with
Cer2 is also suggested from the absence of splitting
of the CD2 scissoring band in the Cer2 acid chain
(Fig. 2H), compared with pure Cer2.

In contrast to Cer2, there is a lack of miscibility of
SA in its ordered phase with Chol at an equimolar
ratio as shown in Fig. 3F. The scissoring vibrations
of the SA-d35 reveal maximal (V7 cm31) splitting.
Thus the presence of Chol does not disrupt the crys-
talline SA domains at low temperature. In contrast,
Chol broadens the main orderCdisorder transition
of SA so that the disordering occurs over a 10³C
range compared with 1³C range for the pure fatty
acid (Fig. 3C). In addition the midpoint is shifted
lower by V9³C compared with pure SA-d35. These
observations point to a miscibility of the fatty acid

Fig. 7. (A) Thermotropic response of vsCH2 averaged from all
components in a ternary mixture of Cer-h35/SA/Chol. (B) Ther-
motropic response of NCH2 averaged from all components in a
ternary mixture of Cer-h35/SA/Chol.
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with the cholesterol only at high temperatures where
the fatty acid is disordered. The overall behavior is
consistent with a eutectic-melting phenomenon.

The proteated base (Fig. 4A) chain and deuterated
acid chain (Fig. 4B) of Cer2 in the appropriate bina-
ry mixture with SA exhibit di¡erent melting pro¢les.
Although both chains show evidence of transitions
involving the introduction of substantial conforma-
tional disorder, the increase in base chain £uidity
occurs over an 8³C range (62^70³C), while the acid
chain disorders abruptly at 67³C. Furthermore, the
base chain undergoes an additional, less cooperative
chain disordering process from 52³C to 62³C as in-
dicated by XsymCH2 increasing from V2849 to
V2850.9 cm31. These data suggest that the ceramide
acid chains are more tightly packed (and thus exhibit
more highly cooperative melting) than the base
chains, even in the presence of fatty acid.

The miscibility of the components in Cer2/SA mix-
tures is deduced by comparing the melting pro¢les of
each chain in the mixture with those of the pure
components. The following transition temperatures
were observed for the main order^disorder event:
fatty acid homogeneous Cer2, V92³C (see Fig.
2A,B); SA-h35, 68^69³C; SA-d35 (65^66³C). In bina-
ry mixtures, the main SA melting is only slightly
perturbed (Fig. 4C) from the pure component (Fig.
3B). The low temperature transition noted for this
component of the binary mixture probably re£ects
formation of hexagonally packed chains (loss of or-
thorhombically packed perpendicular packing) from
47³C to 55³C, prior to the main chain melt (Fig. 5C).
For pure SA-d35, the scissoring splitting collapse
temperature coincides with the main order^disorder
transition. The high temperature melting transition
pro¢le for SA-d35 accurately parallels that of the
Cer2 base chains. The main chain melting of Cer2
in the binary mixture is 30³C lower than in the pure
component. Taken together, these observations sug-
gest that, at high temperatures, the two components
are miscible, and that preferential association of the
fatty acid occurs with the base chain.

The microdomain structure and miscibility of the
low temperature phases in the Cer2/SA mixture may
be deduced from the methylene scissoring mode con-
tours. As analyzed in detail by Snyder and his co-
workers, the scissoring contour splits into a doublet
for methylene chains packed in an orthorhombic per-

pendicular arrangement [25^27]. The maximal split-
tings for C18 chains are V1462, 1473 cm31 for
proteated chains and V1085, 1092 cm31 for deuter-
ated chains. The splitting arises from short-range vi-
brational coupling between isotopically alike, adja-
cent chains. Thus, the presence of small domains of
a particular isotopically labeled molecule may be di-
rectly inferred from the presence of two components
of the scissoring contour. Recent reviews by Mendel-
sohn and Moore have discussed the use of this pa-
rameter in biophysical spectroscopy [28,29].

The occurrence of large domains of SA-d35 in the
ordered phase of the mixture is evident from obser-
vations of the full splitting of the scissoring doublet
(Compare Fig. 5C with Fig. 3E). This provides direct
evidence for the existence of a separate fatty acid-
rich phase which persists at least until the collapse
of the splitting at V50³C. Examination of the CD2

scissoring contour of the original or second deriva-
tive spectra at temperatures below the collapse sug-
gests that most of the SA-d35 is phase separated. If a
signi¢cant proportion of this component were mixed
with Cer2, then a peak arising from CD2 scissoring
modes in isolated chains would have been observed
at V1089 cm31 at temperatures 6V50³C. This was
not the case.

The behavior of the scissoring modes of the Cer2
component is quite di¡erent from the fatty acid. The
isolated, proteated base chain, although ordered (as
deduced from the XsymCH2) exhibits no splitting (Fig.
5A), while the isolated acid chain (Fig. 5B) exhibits
slight splitting. An estimate of the acid chain domain
size of the Cer2 acid chain from the published cali-
bration curve suggests the presence of V3^5 chains/
domain [27]. Since the low temperature data for Cer2
in the mixture are very similar to those of pure Cer2,
the results for this component, as for the SA, again
indicate that the ordered phases of Cer2 and SA do
not mix substantially. The scissoring splitting in the
acid chains is reduced from the maximum value be-
cause of the small domain size and the presence of
proteated base chains. The absence of splitting of the
base chain scissoring modes indicates these chains
are not packed in orthorhombic perpendicular do-
mains, and/or that they are geometrically packed in
a way that eliminates vibrational interactions be-
tween them. The NCH2 data from the binary mixture
in which only the Cer2 acid chain is deuterated are
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plotted in Fig. 5E. Comparison of Fig. 5A with C
provides an assignment for these branches. The high-
and low-frequency branches at temperatures below
V55³C are assigned to the SA, while the central
branch arises from the scissoring modes of the cer-
amide base chain.

The NCH2 spectra from the binary mixture in
which the SA is deuterated are shown in Fig. 6 and
the temperature dependence of the scissoring mode
branches is plotted in Fig. 5F. Comparison with Fig.
5A,B provides an assignment for these branches. The
high and low frequency branches at temperatures
below V55³C are assigned to the acid chain. The
splitting is enhanced as compared to Fig. 5B for
two reasons. First, the magnitude of the splitting in
proteated chains is k2 times greater than deuterated
domains of the same size. In addition, there are fur-
ther interactions between some acid and base chains
that enhance the splitting. Nevertheless, the presence
of some vibrationally uncoupled chains is still clear,
from the observation of the central branch in Fig.
5F.

The average CH2 stretching and rocking modes for
the ternary combination of fully proteated, equimo-
lar Cer2/SA/Chol are shown in Fig. 7A,B, respec-
tively. The use of fully proteated molecules gives an
average over all three components for both the chain
order (CH2 stretching) and chain packing (CH2 rock-
ing). The breadth of the transition and the failure to
reach full chain disordering are signatures of mixing
with cholesterol during this transition. The fact that
only one transition is observed is also consistent with
both Cer2 and SA undergoing the disordering pro-
cess in concert. From 30³C to 40³C there is a reduc-
tion in the splitting of the CH2 rocking mode from 8
to 6 cm31, indicating the orthorhombic domains are
getting smaller. Band splitting collapses at about
45³C, as XsymCH2 increases from 2849 to 2850 cm31.

5. Concluding remarks

We have previously evaluated chain order and
phase behavior of ternary lipid models in which cer-
amide 2 is fully proteated and the fatty acid is deu-
terated [24]. These systems always show separate or-
thorhombic domains of ceramide and fatty acid
(indicated by splitting in both the NCH2 and NCD2

modes) that undergo broad phase transitions at tem-
peratures signi¢cantly reduced from the pure compo-
nents. The binary skin lipid systems described here
all display thermotropic phase behaviors that are dis-
tinct from the ternary lipid system most used to
model the stratum corneum. It is concluded that
these di¡erences provide a signi¢cant rationale for
all three lipid species being required for a healthy
stratum corneum barrier. We speculate that, since
cholesterol loosens the chain packing of the ceramide
in binary mixtures, if only ceramides and cholesterol
were present in vivo, the barrier would be much
more permeable and might not contribute the proper
environment for exogenous enzymes to function. A
lipid barrier comprised of only ceramides and fatty
acids would be too rigid under physiological condi-
tions and would likely not display satisfactory me-
chanical properties for the skin. Although the fatty
acid and cholesterol system most resembles the ter-
nary lipid system at room temperature, the extensive
mixing upon £uidization might not su¤ciently resist
environmental stress or properly demix upon synthe-
sis from their precursors in the extracellular matrix.

Biophysical studies of the main components of the
barrier permit a molecular level understanding of
their structures and interactions. The use of perdeu-
terated lipid chains permits the IR spectroscopic
evaluation of individual chain structure and mixing
behavior. The current approach, in conjunction with
earlier studies of ternary models [15,23,20] and stud-
ies of polar region structures [30,31] and interactions,
paves the way for the extension of the IR approach
to skin biophysics. This includes studies of reconsti-
tuted systems such as lipid-free corneocytes rein-
serted into lipid environments and exogenous lipids
added either to model stratum corneum or to skin
itself. In addition, determination of the e¡ects of
exogenous compounds on the structure and interac-
tion of the skin barrier constituents is clearly feasible.

In a more general way, the strategies for character-
ization of domains by IR spectroscopy as presented
here may be useful in studies of lipid distributions in
sphingolipid and cholesterol-based structures Re-
cently (see [32] for a review), much attention has
been focused on detergent-resistant membrane frag-
ments that can be isolated from a variety of mam-
malian cells. The presence of relatively ordered, well-
packed phases seems to be important for the forma-
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tion of these so-called membrane rafts. If chain per-
deuterated sphingolipids become available, and suit-
able protocols for their insertion into membranes are
developed, then chain^chain interactions between
deuterated chains may be sought for in the IR spec-
tral parameters of the labeled moieties. The feasibil-
ity of this approach has been demonstrated from this
laboratory for characterization of particular phos-
pholipid classes in red blood cells [33,34].
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