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Abstract The barrier function of the skin resides in the stra-
tum corneum (SC). This outermost layer consists of pro-
tein-rich corneocytes and lipid-rich intercellular domains.
These domains form the rate-limiting step for transepider-
mal water loss and the penetration of substances from the
environment. To study the nature of the barrier function,
stratum corneum lipid models have been examined with
wide-angle X-ray diffraction. A disadvantage of this tech-
nique is that it requires bulk quantities of lipid and thus in-
formation on variations in the lateral packing cannot be ob-
tained in the 

 

m

 

m-range. To the best of our knowledge, this
is the first study in which electron diffraction is applied on
SC lipid model systems. Using this technique, local struc-
tural information was obtained about mixtures prepared
from isolated pig ceramides, cholesterol, and long-chain
free fatty acids.  It appeared that addition of free fatty ac-
ids caused a transition from a hexagonal to an orthorhom-
bic packing and that electron diffraction can be applied to
distinguish between these two lattices. The results are in
good agreement with wide-angle X-ray diffraction data and
suggest that application of electron diffraction in skin stud-
ies can provide new information on the lipid organization
in well-defined areas of the stratum corneum.—
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The stratum corneum (SC) forms a relatively imperme-
able layer at the surface of mammalian skin to hinder the
evaporation of water and the penetration of agents across
the skin (1). This barrier function is the result of the
unique structure and composition of the SC. The SC con-
sists of two compartments: the flat, keratinized corneo-
cytes and the lipid-rich intercellular domains (2). This lat-
ter compartment forms a continuous phase surrounding
the corneocytes. Thus, percutaneous absorption of sub-
stances will always involve the intercellular domains (3, 4),

 

which therefore play a key role in the barrier function of
the skin (5). In order to get insight in the nature of this
barrier function, the lipid organization has been exam-
ined in SC lipid models of various compositions and at
variable hydration state, pH, and temperature (6–11).
The aim of our study is to obtain detailed information
about the lateral lipid organization in a model system re-
sembling the lipid composition of the SC using (cryo-)
electron diffraction (ED).

The basic chemical composition of the SC differs signif-
icantly from viable tissues, which indicates the uniqueness
of the SC. Especially, its low water content (15% in vivo) is
a striking feature (12). Most of this water is present in the
corneocytes, while the intercellular lamellae have a low
hydration state (13). Increased hydration causes swelling
of the corneocytes, while swelling of the lipid lamellae or a
change in the lateral packing has not been observed (14–
16). However, increasing the hydration of the SC above 30–
40% results in a diminution of the skin barrier function
(17) and in an increase of the chain mobility of the acyl
chains, as observed using electron spin resonance (18).

The intercellular domains primarily contain ceramides
(type 1 to 6), cholesterol, and free fatty acids and to a
lesser extent cholesterol sulfate (19). These molecules are
arranged in stacked bilayers that have been visualized in
freeze fracture studies (5, 20) and by ruthenium tetroxide
staining of transverse SC sections (21, 22). Small-angle X-
ray diffraction (SAXD) studies on human and pig SC
showed that these bilayers form two lamellar phases with
periodicities of approximately 13 and 6 nm (23, 24). To
study the lateral lipid organization of the intercellular do-
mains, techniques such as atomic force microscopy (25),
Fourier transformed infrared spectroscopy (26) and wide-

 

Abbreviations: ED, electron diffraction; WAXD, wide-angle X-ray
diffraction; SAXD, small-angle X-ray diffraction; SC, stratum corneum;
CER, pure total ceramides isolated from pig skin; CHOL, cholesterol;
FFA, free fatty acids; RT, room temperature; TEM, transmission elec-
tron microscope.
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angle X-ray diffraction (WAXD) have been used. The WAXD
studies revealed that the lipids in human, pig, and murine
SC can be arranged in either a liquid, a gel (hexagonal),
or a crystalline (orthorhombic) packing with periodicities
of approximately 0.46, 0.412, and 0.415/0.375 nm, respec-
tively (24, 27, 28).

However, WAXD provides structural information on
bulk quantities of SC, so that local variations in the lateral
packing of the SC cannot be determined. Furthermore,
these samples give rise to ring patterns, because the unit
cells are present in a large range of orientations. This
makes discrimination between the hexagonal (0.41 nm)
and orthorhombic (0.41 and 0.37 nm) packing of the lip-
ids and their orientation difficult on the basis of the char-
acteristic reflections (15, 28). Thus, when both reflections
are present in the X-ray diffraction pattern, higher order
reflections characteristic for the hexagonal lattice are
needed, to determine whether or not this packing is also
present. However, these reflections are faint compared to
the 0.41 and 0.37 nm reflections and differ only in the
pm-range from higher order orthorhombic reflections.
Therefore, it will be advantageous to be able to distinguish
between the hexagonal and orthorhombic lattices on the
basis of the 0.41 and 0.37 nm reflections.

In previous studies, we showed that ED can be applied
as a tool to study the lateral lipid packing locally in human
SC (29, 30). We hypothesize, therefore, that this tech-
nique has the potential to elucidate the lateral lipid orga-
nization in SC in more detail.

In the present study, we prepared lipid models from iso-
lated ceramides of pig skin, cholesterol, and long-chain
free fatty acids. From WAXD studies it is known that free
fatty acids have an influence on the transition from a hex-
agonal to an orthorhombic packing of SC lipids (11).
Therefore, the hexagonal and orthorhombic lattices could
be studied in relation to the presence of free fatty acids in
the lipid mixture. Furthermore, we compared the results
of ED with WAXD data in order to explore whether ED
can be applied to draw a more precise distinction between
the hexagonal and orthorhombic lattices at the 

 

m

 

m scale.

MATERIAL AND METHODS

 

Stratum corneum lipid models

 

We prepared dry lipid mixtures with different molar ratios of
ceramides type 1 to 6 (CER) isolated from pig skin, cholesterol
(CHOL), and/or long-chain (C26:0, C24:0, C22:0, C18:0, C16:0
in a molar ratio of 6.7:36.8:41.7:3.2:1.3) free fatty acids (FFA).
The method for the isolation of the ceramides has been reported
elsewhere (8). As controls, samples containing only ceramides or
cholesterol were prepared. The lipids in each mixture were dis-
solved in chloroform–methanol 2:1 (v/v) with a final concentra-
tion of 8 

 

m

 

g/

 

m

 

l. A Camag Linomat IV was used to nebulize about
25 

 

m

 

g of each of the following mixtures (in molar ratios) onto a
plain 400-mesh copper grid: 

 

1

 

) pure CER, 

 

2

 

) pure CHOL, 

 

3

 

)
CER/CHOL 

 

5

 

 1:1, 

 

4

 

) CER/CHOL 

 

5

 

 2:1, 

 

5

 

) CER/CHOL/FFA 

 

5

 

1:1:1. The samples were stored under gaseous nitrogen at room
temperature (RT) or at 

 

2

 

20

 

8

 

C and equilibrated at RT during 24
h, before examination in the transmission electron microscope
(TEM). The temperatures in this procedure are all below the

transition temperatures of the lipids and should, therefore, not
influence their organization.

 

Visualization and electron diffraction

 

The diffraction patterns of the different lipid samples were re-
corded at RT and at 

 

2

 

170

 

8

 

C. Therefore, grids containing the
lipid mixtures were either placed in a conventional specimen-
holder or in a cryo-holder (Gatan Cryo Transfer System, Model
626) at RT and inserted into a Philips EM400T or a Philips
CM200FEG transmission electron microscope. The cryo-holder
was cooled to 

 

2

 

170

 

8

 

C by liquid nitrogen after an equilibration
time of 30 min in order to avoid the formation of ice-crystals dur-
ing the cooling procedure. The EM400T operated at 100 kV,
which corresponds to a wavelength of 0.0037 nm, and the
CM200FEG at 200 kV (

 

l

 

 

 

5

 

 0.0025 nm). ED patterns from areas
with a diameter of 1 

 

m

 

m (about 1 

 

m

 

m

 

2

 

) or 5 

 

m

 

m (about 20 

 

m

 

m

 

2

 

)
were recorded on Kodak Electron Microscope films 4489
(EM400T) or using a cooled slow-scan CCD camera (Gatan type
794) (CM200FEG) with a low beam intensity (dose rate approxi-
mately 10 e

 

2

 

/ nm

 

2

 

?

 

s) at a camera length of 290 or 360 mm, re-
spectively. The exposure times varied between 2 and 10 seconds,
yielding an electron dose on the specimen of approximately 50
e

 

2

 

/nm

 

2

 

.
At least three samples of each mixture were examined and 5 to

20 diffraction patterns of each sample were recorded. The spac-
ings of the reflections in the diffraction patterns were calculated
using the formula Rd 

 

5

 

 

 

l

 

L

 

, which is deduced from the Bragg law
(R 

 

5

 

 radius that is the distance from a reflection to central spot, d

 

5

 

 spacing of the lattice plane, 

 

l

 

 

 

5

 

 wave length of the incident elec-
tron beam, L 

 

5

 

 camera length). The diffraction pattern of gold was
used to calibrate the constant factor 

 

l

 

L

 

. Of each sample, the diam-
eters (2R) of the reflections on 5 different recordings were mea-
sured (vernier caliper gauge) in three different directions to deter-
mine the spacing. An independent-samples T test was used to
establish significant differences between the mean spacings calcu-
lated from each set of ED patterns as obtained from the different
lipid models at RT and 

 

2

 

170

 

8

 

C.

 

RESULTS

In this study, we prepared dry lipid samples by spraying
various lipid mixtures onto plain 400-mesh copper grids
in order to investigate these samples in the diffraction
mode of the TEM. Support films, e.g., of formvar or piolo-
form, were not used to reduce diffuse scattering, which
may make distinction of the ED patterns of lipids more
difficult. We could establish that the lipid films of each
sample were sufficiently self-supporting on the grids and
were so stable that charging and tearing of the films hardly
occurred during ED. Various electron densities could be
observed in the samples (

 

Fig. 1

 

). These different electron
densities were interpreted as variations in the thickness
of the sample, caused by the variable number of lipid lay-
ers. Electron lucent areas were most suited for electron
diffraction.

 

Electron diffraction

 

The diffraction patterns of the lipids were obtained
from areas with a diameter of 5 or 1 

 

m

 

m and depending
on the sizes of the selected areas, diffraction patterns
could be recorded that consisted of rings or arcs (streaks),
respectively. However, areas without clear ED patterns or
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with only two opposite arcs were present as well. The spac-
ings that were measured were mostly derived from the
0.41 nm and 0.37 nm lattice planes. Occasionally, more
faint reflections from other lattice planes were recorded.
Besides calculation of the lattice spacings, additional in-
formation could be obtained from the diffraction patterns
with arc-shaped reflections by measuring the angles be-
tween the reciprocal lattice vectors and the angular width
of the arcs. This width (expressed in degrees) gives an in-
dication of misalignment or of the range of orientations
of the unit cells. 

The resulting spacings of the lipid models recorded at
RT and at 

 

2

 

170

 

8

 

C are given in 

 

Table 1

 

. The spacings mea-
sured at both temperatures do not differ significantly, while
radiation damage was reduced under cryo-conditions. This
resulted in an improved stability of the sample, which al-
lowed at least a 2-fold increase of the recording time. For
convenience of the description of the ED results below,
reference will be made to spacings measured at 

 

2

 

170

 

8

 

C.
The diffraction patterns of the CHOL samples con-

sisted of many reflections ranging from 0.70 to 0.48 nm
that appeared as spots, regardless of the size of the area
from which the diffraction pattern was obtained. The
most frequently observed spacings were 0.68, 0.56, 0.52,

0.51, and 0.48 nm (

 

Fig. 2a

 

). The diffraction patterns of
CER samples displayed a ring at 0.400 

 

6

 

 0.005 nm when
the area selected for diffraction had a diameter of 5 

 

m

 

m.
However, when a smaller area of higher transparency was
selected, a diffraction pattern could be recorded consist-
ing of 6 opposite arcs at the same spacing. Occasionally,
separate spots could be recognized within the arcs (Fig.
2b). The angles between the reciprocal lattice vectors
were 60

 

8

 

 

 

6

 

 2

 

8

 

 and the arcs subtended an angle of approxi-
mately 25

 

8

 

.
The CER/CHOL 1:1 samples showed diffraction pat-

terns that consisted of spots at small diffraction angles,
corresponding to 0.58, 0.52, 0.51, and 0.48 nm and a ring
(

 

Fig. 3a

 

) or arcs at a spacing of 0.412 

 

6

 

 0.004 nm depend-
ing on the size of the irradiated area. The diffraction pat-
tern of the CER/CHOL 2:1 mixture also consisted of a
ring at a spacing of 0.412 

 

6

 

 0.001 nm. Spots at smaller dif-
fraction angles were generally not observed in the ED pat-
terns of this CER/CHOL mixture. The 0.412 nm reflec-
tions could appear as 3 pairs of opposite arcs when the
beam diameter was decreased to 1 

 

m

 

m (Fig. 3b). The an-
gles between the reciprocal lattice vectors of both CER/
CHOL mixtures were 60

 

8

 

 

 

6

 

 1

 

8

 

 and the angular width of
the arcs was approximately 15

 

8

 

.

Fig. 1. Transmission electron micrograph of a
lipid film formed by nebulizing the CER/CHOL/
FFA mixture onto a grid. The differences in trans-
parency are due to variations in the number of
stacked lipid layers. The electron lucent areas are
most suited for diffraction. Note the circle that in-
dicates an area of 1 mm2 that can be selected for
diffraction. The beam diameter to select an area
of 20 mm2 is indicated by the scale bar (scale bar is
5 mm). 

 

TABLE 1. List of the spacings measured from the electron diffraction
patterns of the different lipid mixtures

 

Ceramide
CER/CHOL

1:1
CER/CHOL

2:1
CER/CHOL/FFA

1:1:1

 

Room temperature 0.399 

 

6

 

 0.007 0.412 

 

6

 

 0.001 0.413 

 

6

 

 0.003 0.413 

 

6

 

 0.003/
0.374 

 

6

 

 0.007

 

2

 

170

 

8

 

C 0.400 

 

6

 

 0.005 0.412 

 

6

 

 0.004 0.412 

 

6

 

 0.001 0.414 

 

6

 

 0.001/
0.367 

 

6

 

 0.001
Attribute to hexagonal hexagonal hexagonal orthorhombic

Upon addition of FFA to the SC lipid model system, a transition occurs from the non-crystalline hexagonal
lipid packing to the crystalline orthorhombic packing.
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The CER/CHOL/FFA mixture produced a different
diffraction pattern. Two rings with spacings at 0.414 

 

6

 

0.001 nm and 0.367 

 

6

 

 0.001 nm were recorded in the dif-
fraction pattern obtained from an area of 20 

 

m

 

m

 

2

 

 and oc-
casionally two faint rings at 0.25 and 0.22 nm were also de-
tected (

 

Fig. 4a

 

). Sometimes, spots at spacings between
0.70 and 0.48 nm, corresponding to those observed in the
CHOL and CER/CHOL 1:1 samples, were present. When
an area of 1 

 

m

 

m

 

2

 

 was selected for diffraction, ED patterns
could be recorded that consisted of two pairs of opposite
arcs at 0.414 nm and a more faint pair of arcs at 0.367 nm.
Occasionally, a reflection at 0.25 nm could be observed at
an interplanar angle of 90

 

8

 

 with respect to the 0.367 nm
reflection (Fig. 4b). When the arcs were relatively wide,
about 45

 

8

 

, it was difficult to determine the angles between
the reciprocal lattice vectors accurately. However, from
patterns with smaller arcs, it appeared that these angles
were 68

 

8

 

 

 

6

 

 1

 

8

 

 between the 0.414 nm reflections and 56

 

8

 

 

 

6

 

1

 

8

 

 between the 0.414 nm and 0.367 nm reflections.
An additional observation was that in the ED patterns of

the CER and CER/CHOL samples, the intensity of one
pair of the 0.41 nm reflections was occasionally stronger
compared to the other two pairs of reflections (Fig. 2b).
In the CER/CHOL/FFA samples, this difference in inten-
sity between the two pairs with spacings at 0.41 nm has
been found as well (Fig. 4b).

Diffraction patterns of the lipid mixtures were also re-
corded at tilt angles ranging from 10

 

8

 

 to 30

 

8

 

. Under these
conditions, some pairs of reflections disappeared so that
ED patterns no longer consisted of rings or 6 opposite

arcs, but consisted of opposite reflections scattered in one
direction only (

 

Fig. 5

 

). The spacings of these reflections
corresponded to those without tilting (about 0.41 nm and
0.37 nm).

DISCUSSION

The aim of this study was to investigate the lateral pack-
ing of lipids in dry lipid model systems using ED and to
compare the results to WAXD data in literature from simi-
lar lipid mixtures. In contrast to WAXD, ED requires min-
imal amounts of lipid for the formation of detectable dif-
fraction patterns. This implies that information can be
obtained on the local structure and that within the area
selected for diffraction relatively few orientations of the
unit cells may be present.

A disadvantage of ED, however, can be the damaging ef-
fect of the primary electron beam on the sample. There-
fore, in this study ED was not only performed at RT, but
also under cryo-conditions to reduce radiation damage and
the consequent fading of the diffraction patterns (31). The
improved stability of the sample under cryo-conditions
allowed us to increase the recording time by at least a fac-
tor 2. To avoid the interference of ice-crystal diffraction
patterns with the diffraction patterns of lipids during cryo-
ED, dry lipid samples were prepared. Based on results ob-
tained from intact SC in which the lipid organization after
dehydration was similar to that of hydrated SC (15, 16), it
was hypothesized in the present study that the lack of wa-

Fig. 2. Electron diffraction patterns of a: pure
CHOL sample with spacings of 0.56 and 0.48 nm
and b: pure CER sample with a spacing of 0.40 nm.
The angles between the reciprocal lattice vectors
are 608 and the angular width is approximately 208.
The arrowhead indicates the reflection with a
stronger intensity.

Fig. 3. Electron diffraction patterns of the CER/
CHOL samples obtained from a: an area of 20 mm2

and b: an area of 1 mm2 in which the reflections are
separated in arcs with an interplanar angle of 608
and an angular width of about 108. In both patterns,
reflections are present with spacings of 0.41 nm.
Note in Fig. 3a the diffraction ring at 0.24 nm indi-
cated by the arrowheads and the CHOL reflections.
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ter in the lipid model system should not affect the lateral
lipid organization. Of each sample, diffraction patterns
were recorded at RT and at 21708C. The spacings mea-
sured at both temperatures did not differ significantly
(see Table 1). From this, we conclude that the cooling
procedure did not affect the lateral packing. Further-
more, the spacings that were calculated from the ED pat-
terns of the CER/CHOL and CER/CHOL/FFA samples
are in good agreement with WAXD data on dry lipid mix-
tures (unpublished results) and with WAXD results of wet
lipid samples (8, 11). Therefore, we conclude that the
spacings of the lateral lipid packing in our mixtures were
not influenced by the absence of small amounts of water.

Interpretation of the electron diffraction patterns
We hypothesize that areas with different orientations of

the lipid crystals can arise during the formation of the
lipid layers on a grid. This may explain why certain areas
gave rise to poor diffraction patterns or to only two oppo-
site reflections, while other areas resulted in diffraction
patterns with differently oriented pairs of reflections.
When areas of these latter ED patterns were tilted .108,
some reflections disappeared while two opposite reflec-
tions mostly remained. Probably, areas that give rise to
only two opposite reflections contain unit cells in a tilted
position with respect to the incident electron beam, while
areas that give rise to ED patterns with three pairs of arcs
may have a more or less perpendicular orientation of the
plane of the lipid layers. The finding that in some diffrac-

tion patterns the 0.41 nm reflections are not equally in-
tense can also be explained by this tilting. From this we
conclude that a proper orientation of the plane of the bi-
layers with respect to the incident electron beam is re-
quired to establish which lateral packing is present in the
sample. Therefore, ED patterns from areas with a perpen-
dicular orientation of the lipid layers were selected for
interpretation. 

The ED patterns of the CER samples are consistent with
a hexagonal (non-crystalline) lattice, because one lattice
spacing was found at 0.400 nm and the angles between the
reciprocal lattice vectors were 608. However, these results
do not correspond to those obtained by Bouwstra et al.
(8), who measured the spacings of the lateral lipid pack-
ing in CER mixtures using WAXD. In their study, they
found reflections at 0.446, 0.435, 0.390, and 0.358 nm in
these samples, which were attributed to a crystalline lipid
packing not further defined. The discrepancy between
these results may be explained by different preparation
methods. The samples of Bouwstra et al. (8) underwent
several freeze-thawing cycles to homogenize the CER mix-
ture, while in the present study samples were prepared at
RT. Indeed, Dahlen and Pascher (32) have shown that the
crystalline structure of pure ceramides depends on the
preparation method of the sample.

When we added cholesterol to the ceramides, the spac-
ing calculated from the reflections in the diffraction pat-
terns increased to 0.412 nm, other reflections were found
at 0.24 nm, and the angles between the reciprocal lattice

Fig. 4. Electron diffraction patterns of the CER/
CHOL/FFA sample obtained from a: an area of 20
mm2 and b: an area of 1 mm2. In both patterns, the
0.41, 0.37, and 0.25 nm reflections are clearly visi-
ble. The arrowhead in Fig. 4a marks the reflection
with a spacing of 0.22 nm. The interplanar angle
between the 0.37 nm reflection and the 0.25 nm
reflection in Fig. 4b is 908 and the angular width of
the 0.41 nm reflections is about 458. CHOL reflec-
tions are not always present.

Fig. 5. Electron diffraction pattern of a: the
CER/CHOL sample obtained at a tilt angle of 208
and b: the CER/CHOL/FFA sample obtained at a
tilt angle of 108. When the sample is tilted .108,
reflections already begin to disappear so that a uni-
directionally scattered pattern remains.
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vectors were 608. These features are consistent with a hex-
agonal packing of the lipids. The hexagonal lattice and its
corresponding diffraction pattern are shown schemati-
cally in Fig. 6a. Furthermore, in the CER/CHOL 1:1 mix-
ture, reflections were found at smaller diffraction angles
with spacings of 0.58, 0.52, 0.51, and 0.48 nm that corre-
spond to those measured in the CHOL samples and with
spacings known from literature (8, 15, 24). Therefore, we
assign these reflections to crystalline anhydrous choles-
terol. The observation that the cholesterol reflections ap-
peared as spots regardless of the area selected for diffrac-
tion (1 mm2 and 20 mm2) indicates that the cholesterol
crystals were not randomly oriented and that only a few
(large) crystals were present. At higher CER/CHOL ratios
or by addition of long-chain FFA, the cholesterol reflec-
tions disappeared largely, indicating that in these samples

a smaller amount of cholesterol crystallized in a separate
phase. This observation is in agreement with results ob-
tained by SAXD (8).

The lattice spacing measured from the CER/CHOL
mixtures (0.414 nm) was significantly larger (P , 0.01)
than the lattice spacing in the pattern of the CER mixture,
being 0.400 nm. The presence of cholesterol may be re-
sponsible for the alteration in the packing density. Ab-
rahamsson et al. (33) investigated the influence of acyl
chain length on the packing density and found that an in-
crease in chain length resulted in an increase of the pack-
ing density. This was explained by the van der Waals forces,
which become stronger with increasing chain lengths. The
presence of the relatively short cholesterol molecules may,
therefore, result in a decrease of those binding forces and,
as a consequence, in a decreased packing density.

Fig. 6. Schematic drawing of the ordering of acyl chains and the corresponding diffraction patterns of a: the hexagonal lattice and b: the
orthorhombic lattice (note the reciprocal relationship between the spacings in the lattice and the position of the reflections with respect to
the central spot). This scheme outlines the molecular distances in the unit cells, the spacings between the lattice planes that produce the dif-
ferent reflections, the formation of arcs, and the angles between the reciprocal lattice vectors. The angular width of the arcs measured in de-
grees provides information on the extent to which the unit cells have rotated with respect to each other in the area selected for diffraction.
This rotation of the unit cells may occur laterally or in depth.
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The diffraction patterns of the CER/CHOL/FFA mix-
tures showed reflections at 0.414 and 0.367 nm, which is
consistent with an orthorhombic lipid packing. Other fea-
tures of this packing are the reflections at 0.25 and 0.22
nm and angles of 688 and 568 between the reciprocal lat-
tice vectors. The orthorhombic lattice and the correspond-
ing diffraction pattern are depicted in Fig. 6b. The finding
that an orthorhombic lattice was formed in the presence
of free fatty acids is in good agreement with the latest re-
sults of Bouwstra et al. (11). However, from their WAXD
measurements, it could not be determined whether the
hexagonal and orthorhombic packing were both present
or only the orthorhombic packing. In our experiments,
ED patterns were obtained from relatively small amounts
of lipid compared to WAXD experiments. As a conse-
quence, the number of unit cells and their orientations
with respect to each other were also very small in the area
selected for diffraction. Upon decreasing the irradiated
area to 1 mm2, diffraction patterns could consist of arcs in-
stead of rings with an angular width of 158 to 258 in case of
the CER and CER/CHOL samples and up to 458 in the
CER/CHOL/FFA mixture. Due to this, additional infor-
mation on the lipid packing was obtained by measuring
the angles between the reciprocal lattice vectors in the ED
patterns. On the basis of these angles and the position of
the arcs, the presence of a hexagonal lattice in the CER/
CHOL/FFA mixture can be excluded, because a third
pair of reflections at 0.41 nm is absent (see Fig. 6 for com-
parison of the hexagonal and orthorhombic ED patterns).
However, this does not mean that in the hydrated CER/
CHOL/FFA samples prepared for WAXD measurements
(11) no hexagonal phase was present either, because the
influence of hydration on the SC lipids and their forma-
tion into a hexagonal or orthorhombic lattice is unknown.

The finding that in an area of approximately 1 mm2 the
reflections can be found separated in arcs indicates that
within that region a certain orientation of the unit cells is
maintained. The angular width of these arcs gives an indi-
cation of the degree of misalignment or the range of ori-
entations of the unit cells in that area. Because our sam-
ples are multilayered, this rotation of the unit cells may
not only occur laterally, but in depth as well. This suggests
that one lipid layer may form a template for the next layer,
so that a certain orientation is maintained. Apparently,
the interaction between the lipid layers in the samples is
so strong that lamellae can be formed comparable to
those found in human SC. This has been shown by Bouw-
stra et al. (8) who studied similar models on mica sheets
using SAXD. They found that models containing CER/
CHOL/FFA are arranged in lamellae with both the long
and short periodicities (12 and 6 nm).

In summary, the results of the present study clearly
show the advantage of the application of ED for the re-
cording of the lateral lipid organization in SC lipid mod-
els. We have shown by ED that the lipids in CER and CER/
CHOL mixtures are arranged in a hexagonal packing,
while in the CER/CHOL/FFA mixture the lipids are ar-
ranged in an orthorhombic lattice. The spacings mea-
sured in the samples are in very good agreement with

those obtained by WAXD in similar models. Furthermore,
we have demonstrated that ED is able to give very local in-
formation (areas of 1 mm2) on the organization of SC lip-
ids. In addition, it has been shown that ED allows the dis-
crimination between the hexagonal and orthorhombic
lipid packing on the basis of the 0.41 and 0.37 nm reflec-
tions, when the basal plane of the bilayers is oriented per-
pendicular to the incident electron beam. The fact that
the ED and WAXD data correspond so well, means that
ED can be used as an alternative and completely new
method in skin studies. Using this technique in studies on
intercellular domains of (human) SC, it will become possi-
ble to discriminate between regionally defined hexagonal
and orthorhombic lattices.
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