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Abstract The lipid and keratin structure of pig stratum 
corneum has been elucidated by small- and wide-angle X-ray 

structures of human and mouse sc have been elucidated. 
In human SC, two lamellar structures were found with 

diffraction. The measurements were carried out as a function of 
hydration and temperature. In addition, the stratum corneum 
was measured after recrystallization of the lipids at various tem- 
peratures. The results led us to conclude that the intercellular 
lipids in the stratum corneum are organized in at least two 
different lamellar structures with repeat distances of 6 and 13.2 
nm. There is an indication for the presence of a third phase with 
a periodicity of 9 nm. The wide-angle pattern revealed a hex- 
agonal (0.414 nm spacing) and liquid lateral packing (= 0.46 
nm spacing). The 0.414 nm reflection started to decrease in in- 
tensity between 60 and 66OC and disappeared between 72 and 
95OC. Furthermore, crystalline cholesterol has been indicated by 
both, wide- and small-angle X-ray diffraction, while the reflec- 
tions of a-keratin were observed in the wide-angle X-ray diffrac- 
tion pattern.-Bouwstra, J. A., G. S. Gooris, W. Bras, and 
D. T. Downing. Lipid organization in pig stratum corneum. J.  
Lipid Res. 1995. 36: 685-695. 
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A major function of the outermost layer of the skin, the 
stratum corneum (SC), is to provide a barrier to evapora- 
tion of water from underlying viable cell layers and to pro- 
tect the organism against undesirable substances from the 
environment. The SC consists of dead flattened cells, the 
corneocytes, embedded in lipid lamellar regions. The in- 
terior of the corneocytes is filled with keratin. It has been 
found that drugs are mainly transported through the in- 
tercellular lamellar regions (1) and that consequently the 
barrier function of the skin relies mainly on these lamellar 
phases. Therefore, knowledge of the phase behavior of the 
lipids is of great importance in understanding the barrier 
function of the skin. The major lipids present in the SC 
are ceramides, cholesterol, and free fatty acids (2, 3). 
Stratum corneum ceramides represent a unique heter- 
ogeneous group of structures. No phospholipids are found 
in the outermost layer of the skin. In recent years the lipid 
structure of the stratum corneum has been studied using 
small- and wide-angle X-ray diffraction (4-8) and elec- 
tron microscopy (9-11). Using small (SAXD) and wide 
(WAXD) angle X-ray diffraction, several aspects of the 

repeat distances of approximately 6.4 and 13.4 nm, 
respectively. In mouse SC, a 13.2 nm periodicity was ob- 
served (4) while, occasionally, a 6 nm lamellar phase also 
could be found (8). 

The lipid chain packing in human and mouse SC is or- 
thorhombic. This was based on the 0.375 and 0.415 nm 
reflections present in the WAXD pattern. Possibly a hex- 
agonal chain packing is present also, but the correspond- 
ing reflection at 0.415 nm was obscured by the 0.415 nm 
reflection of the orthorhombic structure. In mouse SC, a 
liquid-like chain packing was also found. The presence of 
a liquid-like packing could not be determined in human 
stratum corneum, because the corresponding 0.46 nm 
diffuse ring is obscured by the diffraction pattern of amor- 
phous keratin. Differences in chain packing might partly 
explain differences in diffusional resistance in the SC. 

In this study the lipid structure of pig SC has been elu- 
cidated using SAXD and WAXD. Pig SC is of interest as 
this tissue has been widely used as a model for human SC. 
Electron microscopy with RuO, post-fixation revealed 
that the intercellular lipids in pig SC are arranged in 
lamellae and that these lamellae form the characteristic 
Landmann units (12), which consist of a pattern of two 
broad and one narrow electron-lucent bands, between 
which electron-dense bands are located. This pattern has 
also been observed in human (11) and mouse SC (9). So 
far no studies have been reported on the lipid structure of 
intact pig SC or isolated corneocyte envelopes using X-ray 
diffraction. Very recently, one study was carried out on 
the physical structure of lipids extracted from pig stratum 
corneum (13). It appeared that the acetone-extracted 
lipids form a long periodicity structure of approximately 
13.5 nm, while chloroform-methanol-extracted lipids 
form a single layered phase with a periodicity of 5.4 nm. 

Abbreviations: SC, stratum corneum; S A D ,  small-angle X-ray diffrac- 
tion; WAXD, wide-angle X-ray diffraction; PBS, phosphate-buffered 
saline. 
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EXPERIMENTAL 

Stratum corneum samples 
The SC was separated from the epidermis by digestion 

with 0.1 % trypsin in phosphate-buffered saline (PBS, pH 
7.4) at 37OC. The stratum corneum was subsequently 
treated with a 0.1% inhibitor (Type 11-S from Soybean, 
Sigma Chemicals, The Netherlands). After rinsing in 
water, the SC was dried over silica gel. Before use, the SC 
was hydrated over 27% (w/w) NaBr solution (resulting in 
an approximate 20% hydration of SC), water (hydration 
level of SC 60%), or silica gel (hydration level of SC 6%). 
The hydration level of SC has been defined as 100% x 
(weight hydrated SC - weight dry SC)lweight hydrated 
sc. 
Corneocyte envelope 

Corneocytes were isolated from pig epidermis essen- 
tially as described previously (14). After shaving the dead 
animal, sheets of epidermis were removed by brief heat 
treatment (65OC, 30 sec) followed by scraping. The 
epidermal pieces were treated with 0.2% trypsin over- 
night to allow isolation of the stratum corneum. The stra- 
tum corneum was then digested overnight in 8 mM N,N- 
dimethyldodecylamine oxide12 mM sodium decylsulfate 
at 45OC, which disintegrated the tissue into corneocyte 
envelopes. Sonication was not used, allowing the recovery 
of intact envelopes. Hair and any undigested material 
were then removed by passing the digest through a fine 
polyester mesh. The filtrate was centrifuged and the su- 
pernatant, containing lipids and solubilized keratin, was 
discarded. The pellet was treated repeatedly by overnight 
heating in the detergent mixture until the discarded su- 
pernatant was no longer cloudy. The pellet was then 
washed several times with distilled water and the final 
pellet was lyophilized. Electron microscopy after RuO,, 
fixation showed that the resulting preparation consisted 
almost exclusively of empty intact corneocyte envelopes. 

Small-angle X-ray scattering 

All measurements were carried out at the Synchrotron 
Radiation Source at Daresbury Laboratory (Warrington, 
UK) using station 8.2. This station has been built as part 
of a NWOISERC agreement. The camera produces a 
slightly converging beam with a very high intensity and 
a wavelength of 0.152 nm. The small-angle camera was 
equipped with a position-sensitive quadrant detector. The 
sample-to-detector distance was set to 1.80 m. The scat- 
tered intensities were corrected for primary-beam decay 
and absorption of X-rays by the sample, using two ion 
chambers which are placed on either side of the sample. 
This enables direct comparison between the intensities of 
the various scattering curves. The camera is able to 
produce a focal spot with a beam cross section of 0.3 x 

4 mm2. A more detailed description of the experimental 
set up has been given elsewhere (6). 

A stack of stratum corneum sheets was loaded in thc 
temperature-controlled sample cell. The temperature of 
this sample cell can be adjusted between 25 and 200OC. 
Care was taken that the incoming beam was parallel to 
the stratum corneum plane. Data collection was carried 
out for a period of 15 min for each sample. Checks for the 
appearance of radiation damage were performed but 
proved to be negative (6). The scattering intensity of the 
empty cell was measured and after normalization sub- 
tracted from the curves of the cell filled with sample. The 
scattering intensities have been plotted as a function of the 
scattering vector Q defined as Q = (4 K sin e)lX, in 
which X and 8 are the wavelength and scattering angle, 
respectively. The positions of the diffraction peaks are 
directly related to the periodicity of the molecular struc- 
ture as described by Braggs law 2 d sin 0 = n X, in which 
n and d are the order of the diffraction peak and the 
repeat distance, respectively. In the case of a lamellar 
structure, the various peaks are located at equidistant po- 
sitions, which are given by the equation Q, = 2 n d d ,  
in which Qn is the position of the nth order reflection. 

Diffraction curves of SC were measured under the fol- 
lowing conditions: 1) porcine SC hydrated to various 
water contents; 2) 20% w/w hydrated SC at elevated tem- 
peratures; 3) 20% wlw hydrated SC heated to 55OC, 
66OC, 79OC, or 109°C and subsequently cooled to am- 
bient temperature in order to recrystallize the lipids; and 
4)  isolated corneocyte envelopes as function of tempera- 
ture at 20% wlw hydration. 

Wide-angle X-ray scattering 

The diffraction patterns were obtained with the fiber 
diffraction camera at station 7.2 of the Synchrotron Radi- 
ation Source in Daresbury. A more detailed description of 
the camera is given elsewhere (7). The temperature- 
controlled sample holder was placed inside a He-filled 
chamber in order to reduce air scatter and absorption. 
The stratum corneum samples were stacked. The incom- 
ing beam was parallel to the stratum corneum surface, 
with the exception of one measurement in which the stra- 
tum corneum plane was located perpendicular to the 
primary beam. To avoid evaporation of water, the sample 
cell was sealed with mica windows. Patterns were 
recorded on CEA X-Ray films. Three films were mounted 
simultaneously in the film holder in order to increase the 
dynamic range of the film material. The sample to film 
distance was set to 9.3 cm. The scattering angle (e) varied 
between 1.4' and 1 5 O ,  corresponding to spacings varying 
in a range between 0.3 and 3 nm. In this paper, the posi- 
tion of the reflections will be denoted by their spacings. 
The primary beam path length through the sample was 1 
mm. The temperature of the sample cell could be ad- 
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justed between 25°C and 12OOC using a heating wire in 
combination with a thermocouple located in the sample cell. 

The diffraction patterns of SC were measured under 
the following conditions: I) SC hydrated to various levels; 
2) SC at 45OC, 55OC, 66OC, 79OC, or 109OC; 3) SC 
heated to 55OC or 12OOC and cooled to ambient tempera- 
ture in order to recrystallize lipids; 4) chloroform-methanol- 
extracted SC; and 5) isolated corneocyte envelopes as a 
function of temperature. 

RESULTS 

If not stated otherwise, the results below were obtained 
with SC sheets orientated parallel to the primary beam. 

Lamellar phases 

Room temperature measurements. Several features could be 
distinguished on the SAXD curve of pig SC at 20% wlw 
hydration. The curve is plotted in Fig. 1. The main posi- 
tion of the strongest peak, located at Q = 1.05 nm, cor- 
responds to a spacing of 6.0 nm. There is a shoulder on 
the main peak at Q = 1.4 nm-1 (spacing 4.5 nm). Fur- 
thermore, at low Q on the descending scattering curve, 
two shoulders are located (see arrows). Due to the steep 
baseline, the positions and spacings of these reflections 
could not be determined with high accuracy, but are ap- 
proximately 9 and 12 nm, respectively. At higher Qvalues 
(see inset in Fig. 1) one sharp peak at Q = 1.88 nm-' 
(spacing 3.35 nm) and several weak reflections at approxi- 
mately 2.09 nm-1 (spacing 3.0 nm), 2.3 nm-' (spacing 2.7 
nm), and 2.86 nm-1 (spacing 2.2 nm) are observed. The 
positions of these weak reflections were difficult to deter- 
mine due to their low intensities, but the 3.0, 2.7, and 2.2 
nm diffraction peaks were confirmed by wide angle X-ray 
measurements (see below). 

The WAXD pattern, which is shown in Fig. 2, revealed 
diffraction arcs, located close to the primary beam, that 
are higher order reflections of the same lipid phases as de- 
tected by SAXD. The spacings of these reflections (3.35, 
3.0, 2.67, 2.2, 1.68, 1.54, and 1.32 nm) indicate that these 
are higher order reflections from the same lamellar phases 
as detected by SAXD. The strongest intensities of the arcs 
were located on the meridian, indicating that the lamellae 
were mainly aligned parallel to the surface of the SC. 

Pig stratum corneum as a function of hydration. The diffrac- 
tion curves as a function of the water content are depicted 
in Fig. 1. Increase in hydration level did not change the 
various peak positions, except for a very small increase in 
spacing when comparing the 60% curve and the curve in- 
dicated by dry (6% hydration). Increase in hydration level 
from 6 to 60% resulted in an increase of only 0.1 to 0.2 
nm in spacing. This justifies the conclusion that almost no 
swelling of the lamellae occurred upon hydration of the 
SC. This was also observed in human and mouse SC (6, 

9). This indicates that most of the water is located in 
either corneocytes or in a separate phase in the intercellu- 
lar regions. In a recent study (15), a PBS solution was ap- 
plied on human stratum corneum for 48 h, after which 
the stratum corneum was visualized by freeze fracture 
electron microscopy. The electron micrographs revealed 
the presence of swollen corneocytes and the presence of 
water pools in the intercellular regions. The latter denotes 
that at high water uptake phase separation takes place be- 
tween lipids and water. Furthermore, the shoulder of the 
main peak of the diffraction curve (4.5 nm spacing) in- 
creased in intensity upon hydration; this behavior was 
also often encountered in SC samples obtained from other 
pigs. 

Pig stratum corneum at elevated tem@utum. The scattering 
curves of samples hydrated to 20% (w/w) measured at 
elevated temperatures are shown in Fig. 3 and Table 1. 
Although the X-ray scattering data were corrected for 
beam decay of the synchrotron source and for X-ray ab- 
sorption of the sample, which makes the intensities of the 
curves directly comparable, it is rather difficult to quan- 
tify the intensities of the 6 and 4.5 nm peaks as function 
of temperature. a) The two peaks are not resolved (mainly 
due to the limited number of lamellae between the cells); 

I 
4 
0 1 2 - Q [nm--l] 

Fig. 1. The diffraction curve of pig SC at various hydration levels as 
indicated in the figure. Various diffraction peaks and shoulders are 
depicted. The two arrows at the steep descending curves indicate two 
shoulders corresponding to spacings of 12 and 9 nm, respectively. The 
main position of a strong diffraction peak is a first order diffraction peak 
of a 6 nm lamellar phase. The intensities are in arbitrary units. In the 
inset the curves are plotted in the same sequence at another intensity 
scale, but at the same Q-scale. In the inset Q ranges from 1.5 nm'l to 
3.0 nm-'. The vertical dotted lines refer to the first and second order 
diffraction peak of the 6 nm lamellar phase. 
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Fig. 2. A: The WAXD diffraction pattern of pig stratum corneum at 25OC. The cholesterol, keratin, lateral packing, and lamellar reflections are 
all indicated in the figure. The high intensity dots are caused by the mica windows. B: The WAXD diffraction pattern of pig stratum corneum at 
6OOC. The cholesterol, keratin, and lateral reflections are indicated in Fig. 2A. A sharpening of the 0.414 nm reflection is observed compared to that 
at 25OC. C: The WAXD pattern of pig SC at 72OC. Only a weak 0.414 nm reflection was detected. The cholesterol reflections and the reflections 
based on the lamellae disappeared between 60 and 72OC. D: The WAXD pattern of SC at 95OC. 

b) both peaks vary in intensity as a function of tempera- 
ture; and c) a possible presence of the broad peak ob- 
served at 66OC at lower temperatures as well. Although no 
quantification could be made, it was possible to observe 
trends in peak intensity changes as a function of tempera- 
ture. The temperature was varied between 22 and 66OC. 
Upon heating the sample, there was almost no shift in the 
6 nm peak position observed. The corresponding spacings 
and approximate intensities are given in Table 1. Between 

22OC and 5OoC an increase in the intensity of the 4.5 nm 
shoulder was found. This behavior was consistent in SC 
obtained from different pigs. Between 50 and 55OC, the 
9 nm shoulder (n = 1 in Fig. 3) disappeared. Further- 
more, between 50 and 55OC the 4.5 nm shoulder (n = 11) 
weakened strongly and possibly disappeared also, while 
the 6 nm peak (n = 1 in Fig. 3) decreased in intensity but 
was still clearly present. Indications were found that the 
9 and 4.5 nm peaks are partly based on the same lamellar 
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Fig. 3. The SAXD curves at various temperatures as indicated in the 
figures. The 9 and 4.5 nm shoulders on the curve both seemed to disap- 
pear at 55°C (see arrows), which indicated that the reflections are based 
on the same phase. The intensities are in arbitrary units. 

phase, which confirms the weakening of the 4.5 nm peak 
between 50 and 55OC. Furthermore, from these observa- 
tions and from recrystallization experiments (see below), 
it was concluded that the 4.5 nm shoulder and the 6 nm 

peak originate from different lipid phases. Between 55OC 
and 6OoC the intensity of the 6.0 nm peak (n = 1) 
weakened but seems still to be present at 6OOC. At 66OC 
only a very broad shoulder, and the 3.35 nm peak, were 
detected on the diffraction curve. 

Scattering curves after recrystallization of the lipids from various 
temperatures. The SC was heated to various temperatures, 
allowed to equilibrate for 1 h, and subsequently cooled to 
ambient temperatures. The resulting scattering curves are 
shown in Fig. 4A and B and the corresponding spacing 
in Table 2. The curves drawn in the inset of Figs. 4A and 
B were plotted at another intensity scale. First, the curve 
obtained after crystallization from 55OC was compared 
with the curve obtained without thermal treatment at 
room temperature. The 9 nm shoulder (see arrow), which 
is clearly present at the descending diffraction curve of the 
sample without thermal treatment, disappeared after 
recrystallization from 55OC. In addition, the intensity of 
the two positions of the doublet (peaks at 1.03 and 1.41 
nm-1) increased. This is also the case for the intensities of 
the higher order diffraction peaks (see inset). Further- 
more, at Q = 0.5 nm-1 a shoulder is still present, while 
the sharp peak at 1.87 nm-l based on cholesterol reduced 
in intensity. Recrystallization from 55OC revealed only a 
very small change in the position of the various peaks. 

As stated above, the 6 nm peak is still present at 55OC 
(see Fig. 4A), while both the 9.0 and 4.5 nm reflections 
possibly disappeared. It is likely that a part of the disor- 
dered lipids at 55OC recrystallized upon cooling in the 

TABLE 1. Wide-angle X-ray diffraction (WAXD) and small-angle X-ray diffraction (SAXD) lipid spacings (nm) found as a 
function of temperature 

Temperature 6.0 nm Phase 
Lateral 

13.2 nm Phase 9 nm Phase' Temperature Phases Cholesterol 

25" and 50°C 6.0s, 3 . 0 ~  = 12w, 4.5s,b 
3.35s,< 2.7m, 
2.2m, 1.68m,' 
1.54w, 1 . 3 2 ~  

2.7m, 2.2m, 
1.68m, 1.54vw, 
1 . 3 2 ~ ~  

60°C 6.0vw 3.35m, 2.7w, 
2.2w, 1.68m 

55°C 6.0m =12w, 3.35s, 

60" and 66°C broad shoulder between 1 and 1.5 nm", 
intensity at 66OC decreased compared 
to 60°C 

72OC 

=9m, 4.52 25°C 0.414s 3.359,' 1.68m,' 
0.622w, 0.573w, 
0.523w, 0 . 4 8 4 ~  

d 45°C 0.414s 3.35s, 1.68m, 
0.614w, 0.565w, 
0.523w, 0 . 4 9 7 ~  

6OoC 0.414s' 3.35m, 1.68m, 
0.614w, 0.565w, 
0.523w, 0 . 4 9 7 ~  

72% 0 . 4 1 4 ~  

95oc 

The intensities of the 12, 9, 6, 4.5, and 3 nm were based on the SAXD curve; the intensities of the other reflections were based on the WAXD 
pattern. The reflections at 2.7, 2.2, and 1.68 nm spacings were very weak in the SAXD curve, but dearly detectable in the WAXD pattern due 
to the difference sample-detector (SAXD) and sample-film (WAXD) distance (see Experimental). At 55" and 6OoC, the 2.7, 2.2, 1.68, 1.54, and 
1.32 nm reflections could only be detected by WAXD; s, strong; m, medium; w, weak; vw, very weak. 

"The presence of the 9 nm phase is uncertain, see Discussion. 
'The 4.5 nm reflection might be based on the 9.0 nm phase, and/or the 13.2 nm phase. 
'The 3.35 and 1.68 nm reflections might be due to both crystalline cholesterol and the 13.2 nm lamellar phase. 
dThe 4.5 nm phase weakened in intensity and possibly disappeared between 50' and 55°C. 
'The 0.414 nm reflection increased in intensity compared to 25°C. 
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e scattering curve after recrystallization from 55'C. The 9 nm shoulder on the descending diffraction curve disappeared (see arrow). 
of the various peaks located at higher Q values (see inset in the figure) increased in intensity after recrystallization at 55OC and are 

based on a 13.2 nm lamellar phase. The intensities are in arbitrary units. B: The scattering curves after recrystallization from various temperatures 
as indicated in the figure. A shift in the peak positions is noticed. The 6 and 3 nm peaks are both clearly shifted to lower Qvalues. Recrystallization 
at 12OoC revealed one lamellar phase with a repeat distance of 13.2 nm. The first order diffraction peak is shown only as a shoulder on the descending 
diffraction curve (see arrow). The intensities are in arbitrary units; n = 2 ' ,  3 ' ,  etc. denotes the orders of the 13.2 nm lamellar phase. 

phase corresponding to the 6 nm reflection, as that phase 
could act as a template. In addition, a part of the lipids 
recrystallized in another phase that did not lead to a reap- 
pearance of the 9 nm shoulder, but increased the intensi- 
ties of the peaks at higher Q values (smaller spacings, see 
inset in Fig. 4A) and resulted in a 4.45 nm peak. In the 
corresponding WAXD pattern also a shift from 1.54 nm 
(present in the control at room temperature) to a 1.45 nm 
spacing was observed (not shown). Recrystallization after 
heating to 66OC, 79OC, or 120°C resulted in patterns in 
which the peak positions were shifted with respect to those 
found in the scattering pattern of the untreated SC. As a 
function of increased maximum heating temperature, the 
peaks originally located at 6 and 3 nm were systematically 
shifted to higher spacings (see Table 2 and Fig. 4B) while 
the peaks originally located at 4.5, 2.7 ,  and 2.2 nm spac- 
ing were shifted to lower spacings when crystallized at 66 
and 79"C, but returned to their original values when 
recrystallized at 120°C. This confirms the statement that 
the 6 and 4.5 nm peaks of untreated SC are based on 
different phases (see above). After recrystallization at 120°C, 
the interpeak distances of successive peaks were equal, 
but the distance between the first sharp peak and the 
Q = 0 position was twice the interpeak distances. From 
this it was concluded that the first sharp peak was a se- 
cond order peak and that the peaks were based on a 13.2 
nm lamellar phase. 

On the descending curves at 0.5 nm-' a shoulder was 
observed that is indicative for a weak first order peak of 
the 13.2 nm lamellar phase. 

The cholesterol peak did not appear after crystalliza- 
tion at elevated temperatures. It seems that cholesterol is 
intercalated in the bilayers of the 13.2 nm lamellar phase. 

Recrystallized lipids in stratum corneum as a function oftemper- 
ature. Stratum corneum preheated to 110°C and cooled to 
room temperature was heated from ambient temperature 
to 90°C. The lamellar phase started to become disordered 
at approximately 55OC as indicated by the decline and 

TABLE 2. Small-angle X-ray spacings of the lamellar phases after 
equilibration at elevated temperature followed by recrystallization 

Equilibration 
l'rmprraturc Spacings 

n m 

1 2 0 T  6.61" 4.48 3.35 2.68 2.22 
79% 647  4.44 3.25 2.63 2-18  
66OC 6.28 4.35 .? 12 2.59 2.12 
55% 6. I 2  4.45 3.08 2.65 2.17 

The stratum corneum was heated to the desired temperature, equilibrat- 
ed for 1 h, and cooled to room temperature, after which the stratum corne- 
um was equilibrated at room temperature for 48 h at 20% hydration. 

"Spacings depicted in italics increased systematically as a function of 
increasing equilibration temperature. 
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final disappearance of the reflections. No shifts in peak 
positions were observed. At 72°C only a descending scat- 
tering curve was measured. There is an indication that 
the reflection observed at elevated temperatures on the 
scattering curve of the corneocyte envelope (see below) is 
also present (see arrow, Fig. 5). 

Corneocyte envelopes 

The diffraction curves of the corneocyte envelopes (Le., 
corneocyte cell membrane to which lipids are chemically 
linked) isolated from SC were measured as a function of 
temperature. The corneocyte envelope was isolated from 
epidermis obtained either by heat separation or by der- 
matoming the skin, The diffraction curves measured at 
various temperatures are given in Fig. 6. The curve of the 
corneocyte envelope, isolated from epidermis obtained by 
heat separation, exhibits a broad peak at approximately 
1.2 nm-I (spacing 5.4 nm) at 25OC. This peak became 
sharper at higher temperatures. At 55OC and 66OC a 
sharp 5.35 nm peak was detected. This peak was occasion- 
ally clearly observed at scattering curves of intact SC after 
heating to 66 or 79OC and cooling down to ambient tem- 
peratures (not shown) and is thus not an artifact of the 
procedure for isolation of the corneocyte envelope from 
the stratum corneum. In the curves shown in Fig. 5, there 
is only an indication (see arrow) that this peak is present 
at 6OOC. Apparently the peak is only observed in pre- 
heated corneocyte envelopes, as it was not observed in the 
scattering curves of corneocyte envelopes isolated from 
epidermis obtained by dermatoming the skin. 

0 1 - Q [nm*-l] 
2 

Fig. 5. The scattering curves after recrystallization at llO°C at 
elevated temperatures. Arrow indicates a 5.3 nm hump. The intensities 
are in arbitrary units; n = Z' ,  3',  etc. denotes the orders of the 13.2 nm 
lamellar phase. 

0 1 2 - Q [nm"-l] 
Fig. 6. The corneocyte envelope diffraction curves at various tempera- 
tures. The corneocyte envelope was hydrated to 60% w/w. The intensi- 
ties are in arbitrary units. 

The corneocyte envelopes were also measured as a 
function of temperature using WAXD. Two weak diffrac- 
tion peaks were observed (not shown), at 0.414 nm and 
0.463 nm. The 0.414 nm spacing is indicative for a hex- 
agonal lateral packing of the lipids bound to the corneo- 
cyte envelopes. The 0.463 nm spacing corresponds with 
the @-conformation of polyglutamic acid, which is present 
in involucrin in the corneocyte envelope (12). This reflec- 
tion was also observed in membrane couplets of mouse 
SC (4). The diffraction pattern did not change upon in- 
creasing the temperature to 75OC. Between 75OC and 
90°C both reflections disappeared. 

Chain packing 

In the wide angle diffraction pattern, a large number of 
reflections could be detected. The spacings and reflection 
assignment, which are both given in Table 1, are ex- 
plained below. 

The diffraction pattern of pig SC oriented parallel to 
the primary beam is depicted in Fig. 2A. Measurements 
were performed at room temperature. The (arc shaped) 
reflections located close to the beam stop were attributed 
to higher order reflections of the lipid lamellar phases (see 
above). At higher scattering angle, a strong reflection cor- 
responding to a 0.414 nm spacing was detected. This sin- 
gle spacing is characteristic for a hexagonal lateral pack- 
ing of the lipids present in the SC, although the spacing 
is rather short. The reflection is anisotropic with highest 
intensity on the equator. This is indicative for a preferred 
orientation of the lipids perpendicular to the surface of the 
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tissue. The short 0.414 nm spacing corresponds to an area 
of 0.198 nm2 per lipid molecule. The diffuse ring located 
at 0.46 nm might be attributed either to a liquid-crys- 
talline phase of the lipids or to amorphous soft keratin. 

After extracting the lipids with chloroform-methanol 
(lo), the intensity of the diffuse 0.46 nm ring was con- 
siderably lowered. The reflection at 0.96 nm, characteris- 
tic for soft keratin, decreased only marginally in intensity. 
This indicates that lipids contribute substantially to the 
intensity of the 0.46-nm ring. From this we can conclude 
that there are at least two coexisting lipid phases in the 
lamellae, one with a hexagonal and the other with a 
liquid-like chain packing. 

The diffraction patterns were also measured at various 
temperatures. The hexagonal reflection sharpened be- 
tween 25OC and 6OoC (see Fig. 2B). It appeared that the 
hexagonal lipid chain packing disappeared between 72 
and 95OC (see Figs. 2C and 2D), but the reflection al- 
ready weakened between 6OoC and 72OC, which indicates 
that the phase change took place over a wide temperature 
range. Upon hydrating the SC from 6% w/w to approxi- 
mately 60% w/w, no change in the position of the 0.414 
nm reflection was observed. Therefore, no lateral swelling 
of the lipids occurs upon hydration. 

Cholesterol 

Several weak, but detectable, reflections were observed 
at 0.484, 0.523, 0.571, and 0.622 nm spacings. The reflec- 
tions were anisotropic with lower intensity on the merid- 
ian. This pattern was attributed to anhydrous crystalline 
cholesterol (16). The non-isotropic character is indicative 
for a preferred orientation of cholesterol in the SC. Fur- 
thermore, two additional arcs located on the meridian at 
3.35 and 1.68 nm spacings were at least partly attributed 
to crystalline cholesterol. The preferred orientation of the 
reflections strongly suggested that the longest axis of the 
cholesterol lattice (3.35 nm) is orientated perpendicular to 
the SC surface. This is parallel to the dominant orienta- 
tion of the lipids. It is likely that cholesterol crystals were 
intercalated in the bilayers of the intercellular lamellar 
phases in such a way that the longest axis of the 
cholesterol crystals points in the same direction as the 
stacking direction of the lamellar sheets. 

Upon increasing the temperature to 45OC, the diffrac- 
tion pattern of cholesterol changed. At 45OC the reflec- 
tions were located at 0.497, 0.515, 0.523, 0.565, and 0.614 
nm. The change in pattern is due to a polymorphic transi- 
tion of anhydrous cholesterol at approximately 4OoC, that 
was also found in the pure substance (17). The cholesterol 
reflections disappeared between 60 and 72OC, which indi- 
cates a higher solubility of cholesterol in the lipid mixture, 
probably due to the liquid state at higher temperatures. 
After incubation of SC at high temperatures and recrystalli- 
zation, the cholesterol reflections did not reappear in the 

diffraction patterns. Probably cholesterol becomes incor- 
porated into lipid lamellar phases during heating and 
recrystallization. 

Keratin 

The diffraction pattern exhibits two diffuse rings, lo- 
cated at approximately 0.46 and 0.96 nm (see Fig. 2A). 
On the diffuse ring at 0.96 nm two diffuse spots are lo- 
cated on the meridian. These are assigned to poorly deve- 
loped a-keratin, although the diffuse arc characteristic for 
a-keratin (expected at 0.515 nm spacing on the equator) 
cannot be detected with certainly as it is partially ob- 
scured by the very broad diffuse ring at 0.46 nm spacing. 
In the same samples, two reflections were located on the 
equator at 0.510 and 0.532 nm. These reflections resulted 
from pig hair, which was not always completely removed 
from the stratum corneum samples. The presence of these 
reflections made it even more difficult to detect the 0.515 
nm diffuse reflection of poorly developed keratin. The a- 
keratin reflections did not change upon increasing the 
temperature to 120°C. No a to 0 conformational change 
was observed. 

Perpendicular orientation of stratum corneum sheets 

In perpendicular orientation of the sheets to the 
primary beam, the diffraction pattern of pig SC does not 
exhibit the various arcs close to the beam stop, which 
again is an indication of a dominant orientation of the 
lamellae parallel to the SC surface. Furthermore, the a- 
keratin spots at 0.97 nm spacing were not present, which 
indicated a preferred orientation of a-keratin parallel to 
the surface of the stratum corneum. The cholesterol 
reflections at 0.622, 0.571, 0.523, and 0.484 nm appeared 
to be isotropic. In addition, the 1.68 nm and 3.35 nm arcs 
could not be detected. Both observations confirm the sug- 
gestion that the cholesterol crystals are orientated with the 
longest lattice axis perpendicular to the surface of the SC, 
i.e., in the same direction as the lamellar stacking. 

DISCUSSION 

First, the interpretation of the diffraction peaks based 
on the lamellar phases will be discussed, then the lipid 
structure of pig SC will be compared with that found in 
human and mouse SC. 

Interpretation of the reflections based on the lamellar 
phases 

The diffraction curve and the diffraction pattern ob- 
tained by SAXD and WAXD are very complicated, but 
can be interpreted as follows. 

As indicated in the various figures, the 6.0 nm 
(Q = 1.05 nm-1) and 3.0 nm (Q = 2.09 nm-l) diffraction 
peaks originate from one lamellar phase: recrystallization 
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from 66OC and 72OC resulted in a shift of both peaks to 
lower Q values, while all other peaks slightly shifted to 
higher Qvalues. If the peak at 1.05 nm-l is of first order, 
the repeat distance of the lamellar phase is 6 nm and the 
2.10 nm-' peak is of second order. Because a shoulder is 
located at the descending diffraction curve corresponding 
to a spacing of 12 nm, there is the possibility that the peak 
at 1.05'' nm is actually the second order. However, in this 
case the 3rd, 5th, and 6th order diffraction peaks could 
not be detected, which makes it unlikely for a 12 nm 
lamellar phase to be present. It seems that the 6 nm 
lamellar phase is the most reasonable explanation. Re- 
cently, the phase behavior of isolated pig ceramides and 
cholesterol has been studied. The results of these studies 
confirm the presence of a 6 nm lamellar phase 0. A. 
Bouwstra, K. Cheng, A. Weerheim, G. S. Gooris, and M. 
Ponec, unpublished results). 

The diffraction peaks (SAXD curve) and arcs (WAXD 
pattern) corresponding to 2.67 nm (n = 5), 2.17 nm 
(n = 6), 1.32 nm (n = 10) spacings and possibly also 3.35 
(n = 4) and 1.67 nm spacings (n = 8), both obscured by 
crystalline cholesterol (see above), can be attributed to a 
lamellar phase with a repeat distance of 13.2 nm (see Figs. 
4A and B). A 13.2 nm lamellar phase was also found after 
lipid crystallization from 12OOC (Fig. 5). It is even possi- 
ble that the reflection at 4.5 nm (n = 3) originates partly 
from the 13.2 nm lamellar phase (not indicated in the 
figures). The first order peak of this lamellar phase is very 
weak, which was also observed in human SC and it is 
therefore not unlikely that the shoulder at approximately 
12 nm spacing found on the descending scattering curve 
is, in fact, the distorted first order diffraction peak of a 
13.2 nm lamellar phase. The discrepancy between the cal- 
culated and expected positions of the first order diffraction 
peak can be caused by the location of the peak on the stee- 
ply descending diffraction curve. This makes localization 
of the peak position difficult. Furthermore, in this part of 
the curve, a small change in peak position results in a 
large change in spacing. In addition, in poorly repeating 
lattices such as the lipid structures of pig SC, the position 
of the diffraction peak is influenced by the electron den- 
sity distribution in the lattice (form factor). This is espe- 
cially noticeable for peak positions close to the primary 
beam position (Q = 0 nm-1). 

There are two reflections that could not be attributed 
to either 6 or 13.4 nm lamellar phases. These are the 9 nm 
shoulder (Q = 0.7 nm-1) on the steep descending scatter- 
ing curve and the 1.52 nm reflection (WAXD pattern). 
Both reflections disappeared after recrystallization from 
55OC (see Fig. 4A) and might be attributed to a third 
lamellar phase. The 9 nm shoulder should then be of 1st 
order and the 1.52 nm reflection of 6th order. It is also 
possible that the 4.5 nm reflection is partly due to the 9 
nm lamellar phase, as the 4.5 nm and 9 nm reflections 
both decreased in intensity and possibly disappeared at 

55OC (see Fig. 3). It is difficult to get more evidence for 
the presence of the 9 nm lamellar phase from diffraction 
experiments, as the higher order reflections (3 (n = 3), 
2.25 (n = 4), and 1.8 nm (n = 5)) were all obscured by 
the higher order reflections of the two other lamellar phases. 

The presence of more than one lipid phase was 
confirmed by two recent studies. First, in mixtures of 
cholesterol and pig ceramides in various ratios (J. A. 
Bouwstra, K. Cheng, A. Weerheim, G. S. Gooris, and M. 
Ponec, unpublished results) the 6.0 and 13.2 nm phases 
were found. Second, two lipid phases with repeat dis- 
tances of 10.4 and 5.3 nm were reported (13) to be present 
in brain ceramides and cholesterol mixtures. Electron 
microscopic visualization of stratum corneum with Ru04  
post-fixation revealed the presence of a sequence of 
broad-narrow-broad electron-translucent bands between 
which electron-dense bands were located (10, 12). When 
calculating the broad-narrow-broad periodicity from 
these micrographs, the periodicity appeared to be approx- 
imately 13 nm, which is in excellent agreement with the 
longest periodicity found in this study. However, the 6.0 
nm periodicity was never observed by electron 
microscopy. This is still very puzzling and until now no 
adequate answer is given for this inconsistency between 
X-ray diffraction and electron microscopic results. One 
could speculate that in using the R u 0 4  post-fixation tech- 
nique, small differences in lipid organization might be 
masked, because one visualizes the location of the 
ruthenium and not the lipid structure itself. Besides this 
inconsistency, excellent agreement was found between 
results obtained with the two techniques, especially con- 
cerning the electron-density distribution within the 13.4 
nm periodicity. Most of these electron-density calcula- 
tions were carried out using the diffraction patterns of hu- 
man (6) and mouse skin (8). The calculations were per- 
formed using the X-ray diffraction curves obtained after 
recrystallization of the lipids in the stratum corneum from 
120°C, as only then an adequate resolution of the peaks 
based on the 13-nm periodicity was obtained. The calcu- 
lations revealed a broad-narrow-broad sequence of 
electron-lucent regions perpendicular to the basal plane 
that most likely correspond with the hydrocarbon regions. 
Between these electron-lucent regions, electron-dense 
regions were located that were very large, being 1.45 and 
2.9 nm in width. As we mainly deal with ceramides, free 
fatty acids, and cholesterol, the head-group regions were 
not expected to exceed 1.0 nm in width. To explain the 
large head-group regions, incorporation of proteins in the 
lipid structure was suggested (6). The same inconsistency 
between the type of lipids present and the large head- 
group regions arose when electron density calculations 
were carried out with pig stratum corneum (not pub- 
lished); the intensities of the various peaks could not be 
fitted with narrow electron-dense regions, not exceeding 
1.0 nm in width. 
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Electron microscopy using RuOl post-fixation revealed 
a broad-narrow-broad sequence of the electron-lucent 
bands in the intercellular lamellar pattern of mouse, pig, 
and human stratum corneum, as already described above. 
In comparing the results obtained by electron microscopy 
and X-ray diffraction, one can conclude that an excellent 
agreement exists with regard to the broad-narrow-broad 
sequence of the electron-lucent bands. if  one further as- 
sumes that, after fixation, ruthenium is associated with 
the head-groups, the electron-lucent bands resulting from 
both techniques correspond with the hydrocarbon regions. 
In fact, the models proposed by Wertz and Downing (3) 
and by Downing (12) are based on the assumption that 
ruthenium is associated with the head-group regions. 

Despite the agreement between the results obtained by 
both techniques, many questions concerning the phase 
behavior of skin lipids still remain. In the future we hope 
to answer some of the questions by studying the phase be- 
havior of lipid mixtures isolated from stratum corneum. 

Comparison of lipid and protein structures of different 
species 

In human SC, two lamellar phases with repeat dis- 
tances of 6.4 and 13.4 nm were detected. In mouse SC, in 
most cases only the 13.4 nm lamellar structure was 
present. Only occasionally, a 6 nm lamellar phase was ob- 
served. Whether these differences in lamellar structure ac- 
count for the differences in diffusion rate through stratum 
corneum is not yet clear, but the best defined lipid struc- 
ture is located in mouse SC, which is also the most perme- 
able tissue compared to pig and human SC. If indeed 
differences in lamellar stacking are responsible for differ- 
ences in diffusional resistance of the skin, the results indi- 
cate that the 13 nm structures should be more permeable 
to drugs than the 6 nm lamellar phase. Furthermore, the 
number of phase boundaries of the two lamellar phases is 
expected to be less in mouse stratum corneum compared 
to human and pig stratum corneum, since the 6 nm phase 
is only occasionally observed. 

The similarity in structure after recrystallization of the 
lipid from 120°C is remarkable. Independent of the spe- 
cies, only the 13 nm lamellar structure was found. With 
respect to the lateral packing of the lipids also, differences 
in structure exist. In human and mouse SC an or- 
thorhombic and possibly a hexagonal lipid packing were 
present (7). The presence of a liquid-like packing was not 
obvious in human SC. In mouse SC a substantial amount 
of the lipids form a liquid crystalline phase (4, 8). As men- 
tioned before, mouse SC is more permeable than human 
SC (18). It is very likely that, besides differences in tor- 
tuosity of the transport route and differences in thickness 
of the stratum corneum, the amount of lipids in a liquid- 
like phase plays a dominant role in the differences in 
transport rate in the various species. Not only is the 

diffusional resistance of a liquid phase lower than that of 
a crystalline phase (19), but an increase in liquid-like 
chain packing also increases the number of phase bound- 
aries of the coexisting phases. As already suggested by 
others (16, ZO), an increase in the number of phase bound- 
aries might be responsible for an increase in the permea- 
bility of the SC. It has been shown in phospholipid sys- 
tems that creation of phase boundaries lowers the 
diffusional resistance dramatically (20). 

In our diffraction studies of pig SC, no evidence has 
been found for the presence of an orthorhombic structure. 
Fourier transform infrared spectroscopy studies revealed 
an orthorhombic structure in pig SC based on the split- 
ting of the CH2 scissoring mode of the 1470 cm-' band of 
pig SC (21). The discrepancy between these studies is not 
yet understood. 

Crystalline cholesterol was observed in all three species, 
but in mouse stratum corneum it was detected only occa- 
sionally. In human SC it was detected frequently, while in 
pig SC it was always detected (SC of five pigs was meas- 
ured). in all three species the cholesterol reflections disap- 
peared after heating to 12OoC and recrystallization to am- 
bient temperature. 

With respect to keratin, clear differences also exist be- 
tween the various species. In mouse SC only a very weak 
0.96 nm diffuse ring was observed, while in human SC the 
0.96-nm diffuse ring is strong in intensity. This indicates 
that human SC contains more amorphous keratin than 
mouse SC. In parallel orientation of the SC sheets with 
respect to the primary beam, the diffuse 0.96 nm ring in 
human SC is slightly anisotropic. In pig SC, the anisotropy 
was more pronounced; two spots on the meridian could be 
detected (see Fig. 2). The most likely explanation is the 
presence of a-keratin in pig SC, while this is almost ab- 
sent in human SC. 

Cholesterol 

Crystalline cholesterol reflections were observed in both 
the wide- and small-angle X-ray patterns. in  model sys- 
tems of pig ceramides and cholesterol prepared in buffer 
solution, cholesterol monohydrate starts to phase-separate 
at a ceramidekholesterol molar ratio of 0.6 (17). In these 
lipid mixtures only cholesterol monohydrate was found. It 
is possible that cholesterol monohydrate is also present in 
intact SC, but that due io the storage of SC over silica gel, 
cholesterol monohydrate transformed to cholesterol anhy- 
dride. The hydration of SC over water for 24 or 48 h 
seems to be insufficient to hydrate cholesterol crystals. 
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