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Abstract Ceramides were isolated from the pig stratum 
corneum (SC) and mixed in varying molar ratios with either 
cholesterol or with cholesterol and free fatty acids. The phase 
behavior of the mixtures was studied by small-(SAXD) and 
wide-angle (WAXD) X-ray diffraction. Ceramides alone did 
not exhibit a long range ordering. Upon addition of choles- 
terol to ceramides, lamellar phases were formed and a hex- 
agonal lateral packing was detected similar to that seen in 
intact SC. At a cholesterol/ceramide molar ratio of 0.1, only 
one reflection at 5.9 nm was observed. At a choles- 
terol/ceramide molar ratio of 0.2, three reflections corre- 
sponding to 12.3, 5.56, and 4.26 nm appeared. The reflec- 
tions were based on two phases. Increasing the 
cholesterol/ceramide ratio to 0.4, the peak positions were 
slightly shifted. The diffraction pattern revealed the presence 
of two lamellar phases with periodicities of 12.2 and 5.2 nm, 
respectively. The positions of the peaks remained unchanged 
when the cholesterol/ceramide ratio was increased up to 1.0. 
At a cholesterol/ceramide molar ratio of 2.0, the intensity of 
various peaks based on the 12.2 nm phase decreased in 
intensity. The phase behavior of the cholesterol/ceramide 
mixtures in a ratio between 0.4 and 1.0 was very similar to 
that found in intact pig SC in which two lamellar phases with 
periodicities of 6.0 and 13.2 nm are present. Our data further 
indicate that the formation of the 5.2 nm lamellar phase 
requires a higher cholesterol content than the formation of 
the 12.2 nm lamellar phase. Furthermore, when the relative 
amount of cholesterol is very high, the 5.2 nm phase is the 
most pronounced one. Addition of free fatty acids increased 
the solubility of cholesterol, indicating the role free fatty acids 
may play for the skin barrier function. The phase behavior of 
cholesterol/ceramide/fatty acid mixtures was found to be 
dependent on the chain length of fatty acids used. Namely, 
addition of short-chain free fatty acids (C14-Cl8) did not 
change the periodicity of the 12.2 and 5.2 nm phases, but 
induced the formation of an additional 4.2 nm phase. In the 
presence of long-chain free fatty acids (C16-C26), the peri- 
odicity of the lamellar phases was slightly increased (to 13.0 
and 5.3 nm, respectively) but no additional 4.2 nm phase was 
formed. I These results indicate that the lipid phase behav- 
ior of the cholesterol/ceramide/free fatty acid mixtures 
closely mimics that of the intact stratum corneum only in the 
presence of long-chain free fatty acids.-Bouwstra, J. A, G. S. 
Gooris, K. Cheng, A. Weerheim, W. Bras, and M. Ponec. 
Phase behavior of isolated skin lipids. J. Lipid Res. 1996. 37: 
999- 101 1. 
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The uppermost layer of the epidermis, the stratum 
corneum (SC), forms the main barrier for diffusion of 
substances through the skin. The SC is composed of 
protein-enriched corneocytes embedded in lipid-rich 
extracellular matrix. It is generally accepted that SC 
lipids play an important role for barrier integrity (1 ,Z) .  
Up to now considerable effort has been undertaken to 
elucidate the organization of SC lipids. At the end of the 
fifties and early sixties the first extensive studies on  SC 
lipid organization using X-ray diffraction were carried 
out (3, 4). The results were interpreted by proposing a 
model in which the SC lipids are surrounded by keratin 
filaments. They found that the lipids formed crystalline 
phases and that occasionally cholesterol crystallized in a 
separate phase. In the early seventies the SC ultrastruc- 
ture was visualized by freeze fracture electron micros- 
copy (5 ) .  It was reported that the lipids were not sur- 
rounding the keratin filaments by forming tube-like 
structures, but that lipids formed lamellae within the 
intercellular spaces. More than 10 years later the pres- 
ence of stacks of intercellular bilayers was confirmed 
with RuO4 post-fixation technique used in combination 
with transmission electron microscopy (6). With this 
technique a very exceptional organization pattern of the 
SC bilayers was observed. The membrane complex was 
found to consist of two broad and one narrow electron- 
lucent bands. The existence of the broad-narrow-broad 
pattern indicates that the repeating unit in the direction 
perpendicular to the basal plane of the lamellae consists 

Abbreviations: CER, ceramides; CHOL, cholesterol; FFA, free fatty 
acids; SAXD, small-angle X-ray diffraction; WAXD, wide-angle X-ray 
diffraction; SC, stratum corneum; 8, scattering angle; 1, wave length; 
Qlscattering vector; d, periodicity. 
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TABLE 1. Ceramide arofile in D i e  stratum corneum 

Ceramides w/w % 

1 7.8 
2 55.4 

3 17.6 
4 3.6 

5 
6 

9.9 
5.6 

of more than one bilayer which is in contrast to most 
biological membranes. Recent X-ray diffraction studies 
on the phase behavior of intact human, mouse, and pig 
SC revealed that i) two lamellar structures are present 
in the SC of human, pig, and mouse (7-10) with peri- 
odicities of approximately 6 and 13 nm, respectively, 
and i i)  the lipid chain packing is liquid-like, hexagonal 
or orthorhombic (7,9-11). The intercellular lipids that 
form lamellar bilayers consist mainly of ceramides 
(CER), cholesterol (CHOL), and free fatty acids (FFA) 
(12, 13). To gain insight in the phase behavior of SC 
lipids, X-ray diffraction patterns of lipids extracted from 
the SC were examined and compared with those ob- 
tained with intact SC. These studies revealed that phase 
behavior of the total SC lipid extracts and of the intact 
SC differed (7,14). At present it is not clear whether the 
observed differences can be ascribed to the presence of 
variable amounts of other lipids, such as triglycerides, 
which may disturb the phase behavior of the main 
components of the intercellular lipid lamellae, CHOL, 
CER, FFA (12, 13), or to the absence of proteins, the 
absence of various ions, like calcium, and/or to the 
differences in pH. 

As the quality of the SC barrier is most likely depend- 
ent on the SC lipid structure and composition (15-17), 
the present study was undertaken to examine the role 
various SC lipid classes play for proper organization of 
lipid bilayers. For this purpose ceramides were isolated 

blade. The epidermis was separated from underlying 
epidermis by heating the tissue for 5 min at 60°C. The 
SC was isolated by trypsin digestion (0.1% in a phos- 
phate-buffered saline solution). 

Isolation of ceramides: extraction, separation and 
identification of lipids from stratum comeum 

Epidermal lipids were extracted using the method of 
Bligh and Dyer (18), and the extracts were dissolved in 
chloroform-methanol 2:l (v/v) and stored at -2O'C 
under nitrogen until use. Subsequently, the extracted 
lipids were applied on a Silicagel 60 (Merck) column 
with a diameter of 2 cm and a length of 33 cm and 
various lipid classes were eluted sequentially using vari- 
ous solvent mixtures in the following sequence: 100 ml 
hexane-chloroform-diethylether 40:40:20, 200 ml hex- 
ane-chloroform-diethylether-2-propanol 40:40:20: 1, 
100 ml hexane-chloroform-diethylether-ethylacetate-2- 
propanol 4037:20:2: 1, 200 ml hexane-chloroform 
-diethylether - ethylacetate-2-propanol 2035:395: 1, 100 ml 
hexane - chloroform - diethylether- ethykdak - methylethyl- 
ketone - acetone - methanol 20:2040:12:42:2, 100 ml 
hexane-chloroform-diethylether- ethylacetate - methylethyl- 
ketone-acetone-methanol 20:20:30:6:12:8:4, 100 ml 
chloroform-acetone-methanol 75:20:5, 50 ml chloro- 
form - diethylether - ethylacetate - methylethylketone- 
acetone-methanol 15:15:2:6:8:4, 50 ml chloro- 
form-diethylether-acetone-methanol 20:12.5:10:7.5, 
50 ml chloroform-diethylether-acetone-methanol 
25:5: 10: 10, and 100 ml methanol. The eluted lipids were 
collected in either 10-ml fractions or 3-ml fractions, 
depending on whether or not ceramides were expected 
to be present in the fraction. The lipid composition of 
individual fractions was established by one-dimensional 
high performance thin layer chromatography, as de- 

TABLE 2. Chain distribution of major non-hydroxy amide-linked 
fatty acids and the a-hydroxy amidelinked fatty acids of the 

ceramides 

from the pig SC and subsequently mixed with commer- Ceramides 
cially available cholesterol in various molar ratios and 
the phase behavior of these mixtures was studied with 
small- and wide-angle X-ray diffraction. In addition, the 
effect of commercially available FFA on the phase be- 
havior was studied in three component mixtures of FFA, 
CHOL, and CER. 

.41k , Chain drox Fatt Acids a-H ,drox Fatt, Acids 

14:O 2.6 
160 3.1 45.7 

18:O 30. 
18:l 2.8 
18:2 5.7 
2o:o 12.0 11.5 

MATERIALS AND METHODS 220  11.5 6.5 

Isolation of stratum comeum from pig skin 
24:O 25.8 
25:O 2.8 

27.7 

Fresh pig skin was obtained from a slaughter house. 2ti:o 12.6 2.1 
First, the apical side of the skin was very briefly washed 28:O 

Percentages are given in % w/w. 

10.4 
with hexane (0.03 ml/cm*) in order to remove the 
surface lipids. Then the hairs were removed with a razor 
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Fig. 1. Small angle X-ray diffraction curves of mixtures of cholesterol 
(CHOL) and ceramides (CER). A: CHOLCER mixtures in a molar 
ratio of 0:l and 0.1:l. Single arrow: the shoulder at approximately 4.3 
nm spacing indicates the presence of the 12.2 nm phase. Double arrow: 
shoulder at the diffraction curve of ceramides. The dotted lines 
represent the first and third order of the 5.9 nm lamellar phase. B: 
CHOLCER mixtures in molar ratios of 0.2:l and 1:l. The numbers 1, 
2,3,6,  and 7 denote the various orders of the 12.2 nm phase; I and I1 
denote the 1st and 2nd order of the 5.2 nm phase; CHOL denotes 
cholesterol. Inset: the scale for the intensity is different to show the 
weak intensity peaks. 

scribed before (19). For quantification, authentic stand- 
ards (Sigma) were run in parallel. The quantification was 
performed after charring using a photodensitometer 
with automatic peak integration (Desaga, Germany). 

Preparation of lipid mixtures 

Cholesterol (purchased from Sigma) and isolated pig 
SC ceramides were mixed in various molar ratios, using 
a mean ceramide molar weight of 700. For calculation 
of the mean ceramide molecular weight, the data on the 
ceramide composition and alkyl chain length distribu- 
tions (20) were used. Approximately 2 mg of lipids was 
solubilized in 80 p1 chloroform-methanol 2:l at the 
desired composition and applied on mica at a very low 
rate (4.2 pl/min) under a stream of nitrogen using a 
sample applicator (CAMAG LINOMAT IV). The ap- 
plied lipid mixtures were covered with 1-2 ml acetate 
buffer at pH 5.0 (10 mM) and kept under nitrogen. A 
pH 5 was chosen, as that is the pH of the skin surface 
(21). To reach homogeneous mixing of various lipid 
fractions, the lipids applied on mica were first heated to 
80°C and kept at this temperature for 2-5 min. Sub- 
sequently, the samples were quenched using dry ice. 
Then the samples were placed in a small copper sample 
holder, after which at least 10 freeze-thawing cycles were 
carried out between -20°C and room temperature. Until 
use the samples were stored at -20°C. For preparation 
of the three component mixtures of ceramides/choles- 
terol and free fatty acids, the following free fatty acid 
mixtures (all purchased at Sigma) were used i) a mixture 
of C18:0, C16:0, C14:0, C18:1, C18:2, and C16:l fatty 
acids (all purchased at Sigma) was prepared by mixing 
fatty acids at molar ratios of 9.9:36.9:3.8:33.2: 12.5:3.6 
(22), respectively, referred to in this paper as the short- 
chain FFA, or i i )  a mixture of C16:0, C18:0, C22:0, 
C22:3, C24:0, C26:O fatty acids by mixing fatty acids at 
molar ratios of 1.3, 3.2, 41.7, 5.4, 36.8, and 6.9% (12), 
respectively, referred to in this paper as the long-chain 
FFA. 

X-ray diffraction measurements 
Small angle X-ray dqraction. All measurements were 

carried out at the Synchrotron Radiation Source at 
Daresbury Laboratory using station 8.2. This station has 
been built as a part of a NWO/SERC agreement. The 
samples were put in a specially designed sample holder 
with two mica windows. A detailed description of the 
equipment has been given elsewhere (8). Due to crystal- 
linity, the sample exerts a granular appearance with 
thickness varying between 10 pm and 1 mm. In addition, 
no orientation of the lipid layers to the primary beam is 
achieved. This is caused by the crystallinity and the low 
water content in the lipid samples. The scattered inten- 
sities were measured as a function of 8, the scattering 
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angle. The sample-detector distance was set to 1.7 m. 
Calibration of the detector was carried out with rat tail 
and cholesterol. From the scattering angle the scattering 
vector (Q) was calculated Q = 4 TC (sin €))/A, in which h 
is the wavelength of 0.154 nm at the sample position. 
The diffraction curves were plotted as a function of Q. 
In this way a lamellar phase can be characterized by a 
number of peaks at the same interpeak distance. Every 
peak is characterized by its spacing calculated from its 
position as follows: spacing = 2x/Qn. From the positions 
of a series of peaks (a) the periodicity of a lamellar 
phase was calculated using the equation Qn = 2xn/d, in 
which d is the periodicity and n the order of the diffrac- 
tion peak. The diffraction patterns were normalized 
with respect to the synchrotron beam intensity decay. 
The static measurements were carried out during a 
period of 15 min. When the temperature-induced lipid 
phase changes were examined, the temperature was 
raised from 25" to 95°C with a heating rate of 2"C/min. 
The data for each diffractogram were collected for 1 
min. 

Wide angle X-ray diffraction. The diffraction patterns 
were obtained with the fibre diffraction camera at sta- 
tion 7.2 of the synchrotron radiation source in Dares- 
bury. A more detailed description of this station is given 
in elsewhere (1 1). The X-ray path-length through the 
sample was 1 mm. The read-out thermocouple was 
inserted in the sample cell. The sample to film distance 
was set to 0.11 m. The wavelength of the X-rays at the 
position of the sample was 0.1488 nm. The positions of 
the reflections are denoted by its spacings in real space. 

RESULTS 

Long range ordering at room temperature 
Ceramides were separated from other pig SC lipids 

by column chromatography. The ceramide profile is 

given in Table 1. The chain length distribution of the 
(a-hydroxy) fatty acids amide-linked to the ceramides is 
given in Table 2. For the experiments, cholesterol and 
isolated pig SC ceramides were mixed in molar ratios 
varying between 0 and 2.0. The absence of cholesterol 
anhydride reflections in the wide-angle diffraction pat- 
tern indicated that the lipids were hydrated throughout 
the whole sample. 

The SAXD measurements (Fig. 1) revealed that in the 
absence of cholesterol, isolated ceramides did not show 
a long range ordering; only a small shoulder at a de- 
scending scattering curve was observed. Upon addition 
of cholesterol to reach a cholesterol/ceramide 
(CHOL/CER) molar ratio of 0.1, a 5.9 nm diffraction 
peak (Q= 1.07 nm-l) was detected with a small shoulder 
on the right hand side with a spacing of 4.3 nm. Increase 
in the cholesterol content to a CHOL/CER ratio of 0.2 
resulted in the appearance of three strong reflections 
corresponding to a spacing of 12.3 nm (Q= 0.51 nm-I), 
5.56 nm ((2 = 1.13 nm-I), 4.26 nm (Q = 1.47 nm-I), 
respectively, and one weak 1.76 nm reflection at Q = 

3.56 nm.'. The 5.56 nm peak was not symmetric, but 
exhibited a small shoulder on the left-hand side. The 
12.3, 4.26, and 1.76 nm reflections are most probably 
the first, third, and seventh order diffraction peaks of a 
lamellar phase with a periodicity of approximately 12.2 
nm. At the CHOL/CER molar ratio of 0.2, an additional 
weak reflection was occasionally found at 3.38 nm (Q = 

1.86 nm-l) indicating the presence of crystalline choles- 
terol. At CHOL/CER molar ratio of 0.4, two peaks at 
spacings of 6.2 and 5.3 nm instead of the asyminetric 
5.56 nm peak were detected. Higher order reflections 
of both phases were detected on the diffraction curves 
(Table 3) at 2.65 nm (second order 5.3 nm phase) and 
2.09 nm (6th order of the 12.2 nm lamellar phase). The 
presence of the 2.65 nm reflection indicated that the 5.3 
nm phase was also lamellar. Further increase in choles- 

TABLE 3. Phases and corresponding spacings in cholesterol/ceramide mixtures, as measured by SAXD and WAXD at room temperature 

Composition Spacings in nm 

CHOLCER molar ratio 12.2 nm Phase 5.2 nm Phase Chol __ 
- - - 0:l.O 

0.1:l.O 5.9,4.3 - 

0.2:l.O 12.3(1), 5.56(2), 4.3(3), 5.56(1) 3.38 
3.33 0.4: 1 .O 12.4(1), 6.2(2), 4.2(3), 2.09(6), 5.30(1), 2.65(2) 

- 

1.77(7) 
0.6: 1 .o 12.0(1), 6.08(2), 4.15(3), 2.09(6), 5.21(1), 2.61(2) 3.36, 1.68 

1.77(7), 1.53(8) 
1 .o: 1 .o 12.0( 1 ), 5.98(2), 4.17(3), 2.10(6), 5.28(1), 2.64(2) 3.35, 1.67 

1.78(7), 1.58(8), 1.47(9), 1.12(11) 
2.0: 1 .o 13.2(1), 6.2(2), 4.2(3) 5.32(1 3.32, 1.67 

__ 
Numbers in italics show phases/spacing only observed in the WAXD pattern; Chol, cholesterol reflections. 
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terol content to a CHOL/CER molar ratio of 0.6 did 
not result in significant changes in the positions of the 
various diffraction peaks, but the intensity of the choles- 
terol peak increased. Furthermore, one additional weak 
1.53 nm reflection appeared (observed in the WAXD 
pattern), which can be interpreted as the 8th order 
reflection of the 12.2 nm phase. An increase in choles- 
terol content to a CHOL/CER molar ratio of 1.0 did 
not induce changes in the diffraction profile in the 
small-angle region. However, at this molar ratio even the 

0 1 2 3 4 
B - Q[nm-'] 

Fig. 2. The SAXD cumes of mixtures of cholesterol, ceramides, 
and free fatty acids. Inset: the scale for the intensity is different to 
show the weak intensity peaks. A CHOLCER in a molar ratio of 
0.61. The numbers 1,2,3,6, and 7 denote the varioss orders of the 
12.2 nm lamellar phase; I, I1 denote the 1st and 2nd order of the 5.2 
nm lamellar phase. B CHOLCER: shortchain FFA in a molar ratio 
of0.6:1:1 and 1:l:l.Thenumbers 1,2,3,6,and7denotethevarious 
orders of the 12.2 nm lamellar phase; 1, 11 denote the 1st and 2nd 
order of the 5.2 nm lamellar phase; 1' and 2' are the 1st and 2nd 
order of the 4.2 nm phase. C:CHOLCER long-chain FFA in a molar 
ratio of 0.6:1:1 and 1:l:l. The numbers 1, 2, 3, 6, and 7 denote the 
various orders of the 12.8 nm lamellar phase; 1, I1 denote the 1st and 
2nd order of the 5.4 nm lamellar phase. 

9th and 11th order peaks (observed in the WAXD 
pattern) of the 12.2 nm phase were detected, indicating 
that at this CHOL/CER ratio the 12.2 nm lamellar phase 
is very well ordered. At a CHOL/CER molar ratio of 
2.0, the intensities of peaks based on the 12.2 nm phase 
decreased drastically as compared to those seen at a 
CHOL/CER ratio of 1.0 (not shown), strongly suggest- 
ing that at a high cholesterol content the 12.2 nm 
lamellar phase disappeared, while the 5.2 nm phase 
remained. 
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Next to cholesterol and ceramides, FFA are the main 
constituents of the SC lipids (19, 20). Therefore, addi- 
tional measurements were carried out with 
CHOL/CER/FFA mixtures. Two different FFA mix- 
tures were used. The composition of short-chain FFA 
and long-chain FFA mixtures were based on the earlier 
published data by Lampe, Williams, and Elias (22) and 
Wertz and Downing (12), respectively. 

As shown in Fig. 2 and Table 4, when short-chain FFA 
were added to reach a CHOL/CER/FFA molar ratio of 
0.6:1.0:1.0, the 4.23 nm peak (Q = 2.33 nm-l) increased 
in intensity and an additional peak was found at a 
spacing of 2.1 1 nm. The changes in the diffraction curve 
can be ascribed to a formation of a new phase in the 
mixture considering the following observations. i) The 
4.2 nm peak intensity increased significantly, whereas 
the intensity of other peaks, originally based on the same 
phase, did not change. i i )  From the shape of the 4.2 nm 
peak it can be deduced that the peak is composed from 
two peaks, of which the strongest peak showed the 
smallest peak width at the half maximum intensity. iii) 
A second order reflection was found at 2.11 nm that was 
not present at the diffraction curve of the CHOL/CER 
mixture at a molar ratio of 0.6 (see Fig. 2). iv) In addition, 
the WAXD pattern revealed the presence of higher 
order reflections at 1.39 (3rd order) and 1.04 (4th order) 
nm (see below). The positions of other peaks were 
similar to those seen with the CHOL/CER mixture at a 
molar ratio of 0.6. Increasing the cholesterol content to 
achieve an equimolar CHOL/CER/FFA mixture, re- 
sulted in a strong reduction in the intensity of the 

reflections based on the 12.2 nm phase while the inten- 
sity of reflections based on the 5.2 nm phase remained 
unchanged. In addition the WAXD pattern revealed a 
5th order reflection of the 4.23 nm phase at 0.83 nm. 

In contrast to mixtures with short-chain FFAs, when 
a mixture of long-chain FFA was added to reach a 
CHOL/CER/FFA molar ratio of 0.6: 1: 1 no additional 
phase was formed (see Fig. 2c). However, a slight shift 
of several positions of peaks to smaller Q-values was 
observed as compared to peak positions seen with the 
CHOL/CER mixture at a molar ratio of 0.6. The high 
intensity peaks based on the long periodicity phase were 
located at 13 nm (Q = 0.48 nm-I), 6.41 nm (Q = 0.98 
nm-I), and 4.39 nm (Q= 1.43 nm-I), respectively, reveal- 
ing a periodicity of 12.9 nm, while the high intensity 
peaks based on the short periodicity phase were located 
at 5.30 nm (Q = 1.19 nm-I) and 2.66 nm (2.35 nm-l) 
revealing a repeat distance of 5.3 nm. Increase in the 
CHOL content to an equimolar CHOL/CER/FFA mix- 
ture resulted in a further small shifts in the peak posi- 
tions of both phases. The lst, 2nd, and 3rd order 
diffraction peaks based on the long periodicity phase 
were now located at 13.2 nm (Q = 0.476 nm-I), 6.49 nm 
((2 = 0.96 nm-I), and 4.44 nm (Q = 1.39 nm-I), respec- 
tively, indicating a periodicity of 13.1 nm. The 1st and 
2nd order peaks of the short periodicity phase were 
located at a spacing of 5.19 nm ((2 = 1.20 nm-I) and 2.66 
nm (Q = 2.38 nm-’), respectively, revealing a 5.3 nm 
lamellar phase. In addition, a small peak was present at 
a spacing of 3.96 nm (Q = 1.58 nm-I). This peak cannot 
be ascribed to FFA, as pure FFA reveal a phase with a 

TABLE 4. Phases and corresponding spacings in cholesterol/ceramide/free fatty acid mixtures as measured by SAXD and WAXD at 
room temperature 

0.6:1:1 

1:1:1 

12.5(1), 5.96(2), 5.08( 

4.12(3), 2.08(6) 
12.0(1), 5.98(2), 5.17( 

4.17(3), 2.09(6) 

1.77( 7) 

CHOLCERFF.4 Spacings (nm)/(order) 

Short-Chain FFA 12.2 nm Phase 5.1 nm Phase 4.2 nm Phase Chol 
__. Molar Ratio . 

), 2.60(2 4.23(1), 2.11(2) 3.36, 1.68 

1.37(3), 1.04(4) 

), 2.59(2 4.23(1), 2.13(2) 3.36, 1.68 

1.39(3), 1.05(4) 

0.83(5) 

_. Long-chain FFA 13.0 nm Phase 5.3 nm Phase Chol 

0.6: 1:l 13.0(1), 6.41(2), 5.30(1), 2.66(2), 3.36, 1.68 

4.39(3), 3.23(4) 1.78(3) 

2.18(6), 1”) 
1:l:l  13.3(1), 6.49(2), 5.20(1), 2.67(2), 3.36, 1.68 

4.44(3), 2.19(6 1.79(3) 

Chol, cholesterol reflections. 
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periodicity of 3.7 nm. A very likely explanation is that at 
a high CHOL and FFA content a new phase from CHOL 
and FFA is formed. 

Lateral hydrocarbon packing of the ceramide 
mixtures 

In the absence of cholesterol, ceramides showed a 
crystalline packing that can be deduced from the diffrac- 
tion pattern as reflections could be observed at 0.446, 
0.435,0.39,0.358,0.345,0.332, and0.311 nm. Addition 
of cholesterol changed the diffraction pattern dramati- 
cally. In the diffraction pattern of a CHOL/CER mix- 
ture with a molar ratio of 0.1, a broad reflection at 0.41 
nm could be detected, indicating a hexagonal lateral 

packing (Fig. 3). Increasing the cholesterol content to 
CHOL/CER molar ratio of 0.2 resulted in a diffraction 
profile consisting of various weak but sharp diffraction 
rings. The strongest reflections were found at 0.599, 
0.586, and 0.380 nm spacings, corresponding to the 
strongest reflections of cholesterol monohydrate. The 
0.41 nm reflection was still present. A further increase 
in the relative amount of cholesterol resulted in an 
increased intensity of the cholesterol reflections (Fig. 4). 
The finding that upon increasing the cholesterol con- 
tent the 0.41 nm reflection did not change in position 
suggests that an increase in cholesterol content does not 
result in a transition of lipids from hexagonal to a liquid 
ordered phase. However, it seems that the 0.41 nm 

Fig. 3. WAXD pattern and the densitometer scan of (A) ceramides and (H)  a mixture of cholesterol and ceramides in molar ratio of 0.2:l. 
CRYST, reflections of the crystalline phase; HEX, 0.410 nm reflection based on a hexagonal lateral packing. In the densitometer scan the IV' 
and V'denote the 4th and 5th orders of the 5.6 nm phase and 6 the 6th order of the 12.2 nm phase. CHOL, cholesterol.monohydrate reflections. 
In the densitometer scan the cholesterol reflections are indicated by a *, and the crystalline reflections by a (star). 
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CH0L:CER:F FA=0.6:1:1 

L 

Fig. 4. The WAXD pattern and the densitometer scan of mixtures of(A) CHOLCER mixed in a molar ratio of 0.6:l and (R) CH0LCER:short- 
chain FFA mixed in a molar ratio of 0.6l:l .  HEX, the 0.410 nm reflection based on a hexagonal lateral packing; LAM, reflections based on the 
lamellar phases. In the densitometer scan 6 and 7 refers to the higher order reflections of the 12.2 nm lamellar phase, I1 denotes the 2nd order 
of the 5.2 nm lamellar phase, and 2'. 3'. 4'. 5'. and 6'refer to the orders of the 4.2 nm phase. CHOL. reflections based on cholesterol monohydrate. 
In the densitometer these reflections are indicated by *. 
reflection broadens upon increasing the cholesterol 
content, indicating a slight disordering of the lateral 
packing. 

When shortchain FFA were added to CHOL/CER 
mixtures, no changes in the lateral packing was ob- 
served, except for a small decrease in the width of the 
0.41 nm reflection. The reflections corresponding to 
cholesterol decreased in intensity, suggesting improved 
solubilization of the cholesterol in the presence of FFA. 
This finding is in accordance with data obtained with 
SAXD. 

Temperature-induced changes in long-range order 
The diffraction data of equimolar CHOL/CER mix- 

tures were collected during heating the lipid sample 
from 25" to 95°C at a heating rate of 2"C/min. Each 
minute an X-ray diffractogram was recorded. This a p  
proach enabled us to follow the phase changes as a 

function of temperature in detail. In the SAXD pattern, 
weak reflections could not be detected due to the short 
exposure time used for monitoring of the diffracto- 
grams and at 25'C only 4.17 nm, 5.28 nm, 5.96 nm, and 
12.0 nm diffraction peaks were observed (Fig. 5). In- 
creasing the temperature caused the disappearance of 
the 12.0 and 5.96 nm reflections in the temperature 
range between 65" and 70°C. indicating that these two 
reflections originate from the same 12.2 nm lamellar 
phase. In this temperature range also, a slight increase 
in spacing from 12.0 to 15.0 nm was observed. The 5.28 
nm diffraction peak disappeared between 55" and 60°C 
indicating that this peak originates from another phase 
than the 12.0 and 5.96 nm peaks. In the temperature 
range between 50" to 55°C. the position of4.17 nm peak 
shifted to lower Q values corresponding to a spacing of 
4.4-4.6 nm. In this temperature range the peak intensity 
markedly increased. Further increase in temperature 
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Fig. 5. The temperature-induced changes in SAXD profiles. The 
heating rate is P"C/min. A mixture of CHOLCER in a molar ratio 
of 1:l. Temperatures are indicated in the figure. In each sequential 
curve the temperature was raised by 2°C. 1 ,2 ,  and 3 refer to the lst, 
2nd, and 3rd order of the 12.2 nm phase; I refers to the 1st order of 
the 5.2 nm phase. The amount of material available for the measure- 
ments was limited which resulted in a decrease in signal-noise ratio 
in the X-ray curve. 

was accompanied by disappearance of this diffraction 
peak between 80" and 85°C. 

DISCUSSION 

Recent studies on the phase behavior of lipids in 
intact pig SC (10) revealed that in pig SC at least two 
lamellar phases were present with periodicities of 6.0 
and 13.2 nm, respectively. Upon increasing the water 
content in the SC from 20 to 60% w/w, the bilayers did 
not swell (8) but a phase separation occurred between 
lipids and water (23). These results clearly indicate that 
the amount of water located between the lipid bilayers 
in the SC is limited. We can therefore expect that 
although the lipid mixtures were prepared in an excess 
of buffer solution, the amount of water present between 
the lipid lamellae was low. 

When cholesterol was added to ceramides isolated 
from pig SC, two lamellar phases with a periodicity of 
approximately 5.2 and 12.2 nm have been detected at 
CHOL/CER molar ratio larger than 0.4. Similar lamel- 
lar ordering has been observed in intact SC. Our results 
further indicate that even very low amounts of choles- 
terol seem to be sufficient for lamellar lipid organization 
as already at CHOL/CER molar ratio of 0.1, a 5.9 nm 
diffraction peak with a small shoulder on the right-hand 

side with a spacing of 4.3 nm could be detected. The 
presence of this shoulder indicates that the 12 nm phase, 
present in mixtures with a higher CHOL/CER molar 
ratio, also exists in this mixture. As the width at half 
maximum intensity of the 5.9 nm peak was quite large, 
we speculated that the reflection corresponding to a 5.9 
nm spacing might have been composed of two reflec- 
tions. Slight increase in cholesterol content to a 
CHOL/CER molar ratio of 0.2 resulted, indeed, in the 
appearance of a strong reflection at 5.6 nm consisting 
of a major peak with a small shoulder on the left-hand 
side and the reflections of the 12.2 nm phase were more 
clearly present. At the CHOL/CER molar ratio of 0.4, 
two peaks at 6.2 nm and 5.3 nm spacing were observed. 
The change from an asymmetric 5.6 nm peak to a 
doublet with spacings of 6.2 and 5.3 nm strongly sug- 
gests that this change is mainly due to a shift in peak 
position from 5.6 to 5.3 nm spacing and that therefore 
the formation of the 5.2 nm lamellar phase requires 
higher cholesterol contents than the formation of the 
12.2 nm lamellar phase. At a CHOL/CER molar ratio 
of 2.0, the diffraction peaks based on the 12.2 nm phase 
decreased in intensity as compared to the 5.2 nm dif- 
fraction peak. These findings suggest that the 5.2 nm 
lamellar phase dominates at very high cholesterol con- 
tents. 

Comparing the diffraction pattern of the intact SC 
with that of the CHOL/CER mixtures (Fig. 6), led us to 
conclude that the first order diffraction peak found in 
the diffraction patterns of CHOL/CER mixtures is also 
present as a weak shoulder at the descending scattering 
curve of intact SC. Furthermore, the higher order dif- 
fraction peaks of the 12.2 nm and 13.2 nm phases of 
CHOL/CER mixtures and SC, respectively, are also 
present in the diffraction patterns. However, whether 
or not the diffraction peaks at 4.2, 5.2, and 6.0 nm 
detected with CHOL/CER mixtures are also present in 
the intact SC needs some elucidation. The peak width 
at half maximum intensity is proportional to (Nd)-', in 
which N is the number of repeating units and d is the 
periodicity of the phase. The finding that the number 
of lamellae in the intercorneocyte space is very limited 
(24) explains why the peak width at half maximum 
intensity in intact SC is large and why the resolution in 
the diffraction pattern of intact SC is very poor. Con- 
trary to SC, in isolated lipid mixtures the number of 
repeating units in various stacks is not limited by the 
available space between the cells. This means that the 
peak width at half maximum intensity is much smaller 
in the diffraction curve of the isolated lipid mixtures and 
that the resolution of the various peaks in the diffraction 
pattern increases. This may explain why two partly 
resolved peaks with spacings of approximately 5.2 and 
6.0 nm observed in the diffraction profile of the isolated 
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lipid mixtures turn into one broad peak in SC where N 
is low. Indeed, a broad peak corresponding to a spacing 
of 6 nm was observed in the diffraction curve of intact 
pig SC. In addition, the fully separated 4.3 nm peak in 
the diffraction curves of the CHOL/CER mixtures most 
likely corresponds to the shoulder observed in the dif- 
fraction curve of intact SC at approximately 4.4-4.5 nm 
spacing. Furthermore, in pig SC a hexagonal lateral 
packing of the lipids was also found. From these obser- 
vations we conclude that at room temperature the phase 
behavior of cholesterol mixed with isolated ceramides 
in molar CHOL/CER ratios ranging between 0.4 and 
1.0 was close to that found in intact SC. 

To further demonstrate the similarity in lipid phase 
behavior of the CHOL/CER mixtures and of the SC, we 
compared the intensities ofvarious peaks of the 12.2 nm 
and 13.2 nm lamellar phases. The results given in Table 
5, show that the relative intensities of peaks based on 
the long periodicity phases in intact SC and 
CHOL/CER lipid mixtures show the same trend. This 
indicates that the localization of lipids in the 
CHOL/CER mixtures within the 12.2 nm phase is very 
similar to that within the 13.2 nm phase in intact SC and 
most probably corresponds to two broad and one nar- 
row lowelectron-density regions observed in transmis- 
sion electron microscopy (10). The small difference in 
periodicities between the CHOL/CER mixtures and the 
SC is most probably due to the presence of long-chain 
free fatty acids in the latter (see below). 

It should be noted that only two diffraction peaks 
based on the short periodicity phase could be detected 
in the diffraction patterns of both the CHOL/CER 
mixtures and the intact SC, a first order high intensity 
peak and a second order low intensity diffraction peak. 
This strongly indicates that this short periodicity phase 
is less ordered than the long periodicity phase in both 
the CHOL/CER mixtures and the SC, again reflecting 
the similarity in lipid phase behavior in both samples. 
The similarity was even more pronounced when long- 
chain FFAs were added to CHOL/CER mixtures. 
Namely, the long-chain FFAs most probably intercalate 
within both lamellar phases which results in a slight 
increase in the periodicities from 5.2 and 12.2 nm to 
approximately 5.3 and 13.0 nm, respectively. In con- 
trast, when short-chain FFA were added, the phase 
behavior of CHOL/CER/FFA resembled the phase be- 
havior of lipids in intact SC to a lesser extent than the 
CHOL/CER mixtures. A prominent peak was observed 
in the CHOL/CER/FFA mixtures at a 4.2 nm spacing 
that has never been seen in intact SC. The observed 
changes in the diffraction pattern can be ascribed to a 
formation of a new phase in the mixture. Most likely this 
is due to a mismatch in fatty acid chain length of FFA 
and of CER (see Table 2), as in these experiments a 

mixture of shortchain FFA (with palmitic acid as a major 
component) was used. Such mixtures have been often 
used in studies with skin-lipid model systems (25-30). 
In addition, in the presence of short-chain FFA the 
intensity of reflections based on 12 nm decreased mark- 
edly in equimolar CHOL/CER/FFA mixtures, while in 
the absence of FFA a similar decrease was observed in 
CHOL/CER mixtures at a much higher cholesterol 
content, namely at a molar ratio of 2.0. 

The results of the present study clearly indicate that 
the phase behavior remains essentially unchanged over 
a wide range of CHOL/CER/longchain FFA molar 
ratios, suggesting that for proper organization of SC 
lipids the presence of equimolar amounts of cholesterol, 
ceramides, and free fatty acids is not required. This 
finding also explains why small variations in the 
CHOL/CER molar ratios, as measured in lipids ex- 
tracted from SC originating from different donors, only 
marginally affected the lipid phase behavior. Further- 
more, it indicated that the presence of hydrocarbons, 
sterol esters and di- and triglycerides is not required for 
the formation of lamellar structures within the intercor- 
neocyte space. This observation is in agreement with 
earlier studies that showed that upon removal of large 
amounts of nonpolar lipids the SC barrier function was 
only marginally perturbed, while after the removal of 
ceramides and cholesterol the barrier function was 
markedly changed (3  1). 

I \  

0 1 2 3 - 0 [nm-'1 

Fig. 6. The SAXD profile of intact pig stratum corneum (SC) and of 
a mixture of cholesterol and ceramides in a 1:l molar ratio. The high 
intensity at low Q value (Q < 0.5 nm-l) observed in the diffraction 
curve of intact SC is due to the presence of keratin inside the 
corneocytes. 2 and 3 refer to the 2nd and 3rd order of the 12.2 nm 
lamellar phase; I denotes the 1st order of the 5.2 nm phase: CHOL 
refers to cholesterol. 
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TABLE 5. Relative intensities of the diffraction peaks of the 12.2 nm phase of equimolar CHOL/CER 
mixtures and of the 13.2 nm phase of the stratum corneum 

Order of Diffraction Peak CHOL/CER Mixture Stratum Comeium 
12.2 nm Lamaellar Phase 13.2 nm Lamellar Phase 

1 1 .o 1.0 
2 1.3 1.12 
3 0.7 1.0 
4 0.015 0.045 
5 0.007 0.02 
6 0.016 0.017 
7 0.015 0.003 

For scaling, the intensity of the first order diffraction peak of both phases was set equal to 1.0. 

Our results strongly indicate that both the shortchain 
and longchain FFAs affect the lipid behavior by increas- 
ing the solubility of cholesterol in the lamellar struc- 
tures, as the intensity of cholesterol reflections corre- 
sponding to crystalline cholesterol is decreased in 
CHOL/CER/FFA mixtures. The presence of choles- 
terol in solubilized form is most probably a prerequisite 
for proper functioning of the SC barrier. Namely, when 
SC contains relatively low amounts of FFA, as it is the 
case for lamellar ichthyosis patients, a substantial 
amount of cholesterol is present in a crystalline form, as 
can be deduced from the presence of the diffraction 
peak at a 3.35 nm spacing, and the SC function is 
perturbed (32). Furthermore, a change in the peri- 
odicity of lipid phases observed earlier in the diseased 
skin (32) cannot be ascribed to a changed CHOL/CER 
molar ratio but to i )  changes in the relative amounts of 
various ceramide classes or i i )  a higher abundance of 
fatty acids with a shorter chain length (present either as 
free fatty acids or bound to ceramides). 

In earlier studies (7-9) it was suggested that proteins 
might be very important for proper lipid organization 
in the SC. These suggestions were based on two obser- 
vations: i )  lipid phase behavior found in SC could not 
be mimicked with SC lipids extracted from mouse or pig 
SC, and ii) electron density calculations revealed the 
existence of very large high-electron-density regions that 
could not be explained by the presence of SC lipids that 
only possess small head groups. However, this study 
shows for the first time that two lamellar phases can be 
formed in the absence of proteins with a mixture of 
isolated ceramides and cholesterol, indicating that the 
presence of proteins is not required for the formation 
of these lipid lamellar phases. 

More detailed information on the lipid phase behav- 
ior can be obtained when the phase behavior is exam- 
ined as a function of temperature. These experiments 
revealed that the diffraction peaks of the 12.2 nm phase 
disappeared between 65' and 70°C. The first order 
diffraction peak of the lamellar phase with a periodicity 

of 5.2 nm disappeared between 55" and 60'C (10). In 
intact SC these phases disappeared in the same tempera- 
ture range. In contrast, in the equimolar CHOL/CER 
mixture, the 4.3 nm peak increased substantially in 
intensity between 50" and 70'C and the peak position 
shifted to longer spacings, suggesting that at approxi- 
mately 50'C a new phase has been formed. The peri- 
odicity of this new phase is approximately 4.2 nm. In 
intact pig SC, we also observed a slight increase of the 
4.5 nm peak at 50"C, which might suggest a similar phase 
behavior as seen with isolated lipids. However, in intact 
SC this peak already disappeared at 55°C indicating that 
the situation is different than with isolated lipids. 

In recent studies (27, 29) crystalline phases were 
found in an equimolar mixture of brain ceramide- 
3/CHOL/palmitic acid. The formation of these crystal- 
line phases and the hexagonal lateral phase observed in 
those studies might be due to the formation of intermo- 
lecular hydrogen bonds in ceramide/cholesterol mix- 
tures, because in another study (33), in which the inter- 
action between pure ceramides arranged in monolayers 
was examined, it was found that condensation of hydro- 
carbon chains of the ceramides occurred due to the 
formation of intermolecular hydrogen bonds. It should 
be noted that the presence of crystalline phases is of 
great importance for the water-holding capacity of the 
SC (34) and for the barrier function of the SC, as the 
diffusional resistance of crystalline phases is much larger 
than that of liquid phases. The presence of crystalline 
phases is very exceptional in biological membranes. In 
most cell membranes a liquid lateral packing has been 
found. This liquid phase was frequently demonstrated 
in cholesterol/phospholipid mixtures that served as a 
model for membranes. For example, in mixtures of 
cholesterol and phospholipids or cholesterol and sphin- 
gomyelin the crystalline or hexagonal phases have not 
been observed. In most cases only an ordered liquid 
phase was detected when the cholesterol/phospholipid 
or cholesterol/sphingomyelin molar ratio exceeded 
0.33 (35, 36). 
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Parrott and Turner (14) reported the presence of two 
lamellar phases similar to those present in SC in dry 
mixtures of cholesterol and brain ceramide-3. When we 
prepared hydrated mixtures of cholesterol and brain 
ceramide-3 using an acetate buffer at pH 5 (the pH value 
also found in the SC) we observed only one phase with 
a periodicity of 4.7 nm (unpublished results). Our find- 
ings are in accordance with those of Schuckler et al. (26) 
and Lieckfeldt et al. (37) who also found only one 
lamellar phase with a periodicity ranging between 5 and 
6 nm in hydrated equimolar mixtures of cholesterol, 
brain ceramide-3 and free fatty acids. 

In summary, the results of the present study clearly 
show that mixtures of CER/CHOL and 
CER/CHOL/long-chain FFA closely mimic the lipid 
phase behavior in intact SC. The phase lipid behavior 
studies with lipid mixtures in which relative amounts of 
individual components are changed over a wide range 
(a condition that cannot be achieved in vivo) enable us 
to broaden our knowledge on the role various skin lipids 
play in the organization of the lipid phases. This may 
contribute to better understanding of mechanisms gov- 
erning the SC lipid organization and phase behavior in 
both healthy skin and diseased skin. I 

Manuscript received 5 October 1995, in revised form 27 November 1995, and 
in re-revised fonn 5 Februaly 1996. 
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