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Abstract

 

The main barrier of the skin is formed by the lipids
in the apical skin layer, the stratum corneum (SC). In SC
mainly ceramides (CER), free fatty acids (FFA) and cholesterol
(CHOL) are present. The CER are composed of at least six dif-
ferent fractions. CER 1 has an exceptional molecular structure
as it contains a linoleic acid linked to a long-chain 

 

v

 

-hydroxy
acid (C 

 

.

 

 30). The SC lipids are organized in two lamellar
phases with periodicities of approximately 6 and 13 nm, respec-
tively. Recent studies revealed that ceramides isolated from pig
SC mixed with cholesterol in confined ratios mimic stratum
corneum lipid phase behavior closely (Bouwstra, J.A., et al.
1996. 

 

J. Lipid Res.

 

 37: 999–1011). In this paper the role of CER 1
for the SC lipid lamellar organization was studied. For this pur-
pose lipid phase behavior of mixtures of CHOL and total cera-
mide fraction was compared with that of mixtures of CHOL
and a ceramide mixture lacking CER 1. These studies showed
that in the absence of CER 1 almost no long periodicity phase
was formed over a wide CHOL/CER molar ratio. A model is
proposed for the molecular arrangement of the two lamellar
phases. This model is based on the dominant role CER 1 plays
in the formation of the long periodicity phase, electron density
distribution calculations, and observations, such as 

 

i

 

) the bimo-
dal distribution of the fatty acid chain lengths of the ceramides,

 

ii

 

) the phase separation between long-chain ceramides and
short-chain ceramides in a monolayer approach, and 

 

iii

 

) the
absence of swelling of the lamellae upon increasing the water
content organization in SC. In this molecular model the short
periodicity phase is composed of only two high electron density
regions indicating the presence of only one bilayer, similar to
that often found in phospholipid membranes. The molecular
arrangement in the long periodicity phase is very exceptional.
This phase most probably consists of two broad and one narrow
low electron density regions. The two broad regions are
formed by partly interdigitating ceramides with long-chain fatty
acids of approximately 24–26 C atoms, while the narrow low-
electron density region is formed by fully interdigitating ceram-
ides with a short free fatty acid chain of approximately 16 to 18
C atoms.—

 

Bouwstra, J. A., G. S. Gooris, F. E. R. Dubbelaar,
A. M. Weerheim, A. P. IJzerman, and M. Ponec.
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The main problem in dermal and transdermal drug
delivery is the low penetration of drugs through the
stratum corneum (SC) which is located in the upper-
most layer of the skin (1). The SC consists of dead cells
embedded in a lipid-rich environment. Visualization
studies revealed that penetration through the SC oc-
curs mainly intercellularly (2) indicating that the main
barrier for diffusion of substances, including water and
drugs, is confined to the SC intercellular lipid domains.
The lipid organization in the SC has been studied by
several methods, such as electron microscopy (3–5), X-
ray diffraction and Fourier transform infrared spec-
troscopy (6, 7). These studies revealed that the lipids
are organized in lamellae oriented approximately par-
allel to the corneocyte surface. Two lamellar phases
could be identified with repeat distances of approxi-
mately 6 and 13 nm (6–9). The lateral packing of the
lipids is mainly crystalline and hexagonal (8–12).

The exceptional lipid organization can be ascribed
to the unique composition of SC lipids which comprise
mostly free fatty acids (FFA), cholesterol (CHOL), and
ceramides. SC ceramides represent a unique, heteroge-
neous group of at least six ceramides (CER(1–6)) that
differ from each other by the head group architecture
and by the mean fatty acid chain length. The fatty acid
esterified to the amide of the (phyto)sphingosine head
group can be either 

 

a

 

-hydroxy or nonhydroxy fatty
acids (13). The fatty acid chain length varies between 16
C atoms in CER 5 to C30–C34 atoms in CER 1. Further-
more, CER 1, a ceramide assumed to be of importance
for proper SC barrier function (14) contains linoleic
acid linked to the long chain (C 

 

.

 

 30) 

 

v

 

-hydroxy fatty

 

Abbreviations: SC, stratum corneum; CER, ceramide; FFA, free
fatty acids; CHOL, cholesterol; PA, palmitic acid
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acid. The molecular architecture of the pig ceramides
is depicted in 

 

Fig. 1

 

.
Recently the lipid organization of isolated pig skin ce-

ramides (CER(1–6)), cholesterol (CHOL), and free
fatty acids (FFA) has been examined (15, 16). These
studies revealed that mixtures of CER and CHOL at
confined molar ratios mimic the lipid phase behavior of
intact SC very closely. Two lamellar phases were formed
with repeat distances of 12.2 and 5.2 nm, respectively.
When long-chain FFA were added (the major fractions
being C24 and C26), the periodicity of the lamellar
phases increased slightly to 13.1 and 5.3 nm, respec-
tively, mimicking the SC lipid phase behavior even more
closely. Furthermore, the presence of FFA increased the
solubility of CHOL, which might be essential for the

barrier function of the skin. In the present investigation
we have extended the study of the role the individual
ceramides play in lamellar lipid organization. We have
especially focused our attention on CER 1, which due to
its unusual structure (13) may play a key role in the SC
lipid organization. The role of CER 1 has been recently
studied (17) with a 2:2:1 molar mixture prepared from
CHOL and palmitic acid (PA) mixed with either
CER(2–5) or CER(1–5). These experiments revealed
that under these conditions CER 1 promoted the forma-
tion of the long periodicity phase. Although this study
was carried out carefully, the lipid mixture used was not
representative for the pig SC lipid composition, as CER
6, which is present in pig skin in significant amounts
(6% w/w) was not included and the only FFA included

Fig. 1. The molecular structures of pig ceramides published by Wertz and Downing (13). Ceramide 6a
is not included in this scheme as it has been reported in a recent paper (29) that CER 6 is most probably
an oxidation product produced from CER 1 during fractionation.
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was free PA, although the content of free PA in SC is low
(18). Furthermore, the pH was not controlled and wa-
ter was used for the hydration of the lipid mixtures. As
we have recently observed that both pH and CER 6 af-
fect the phase behavior of SC lipid mixtures ( J. A. Bouw-
stra, F. E. R. Dubbelaar, G. S. Gooris, W. Weerheim, and
M. Ponec, unpublished results) and, furthermore,
short-chain fatty acids when mixed with CER(1–6) and
CHOL phase separate (15), we decided to study the
role of CER 1 in the formation of the long periodicity
phase in CHOL/CER(1–6)/FFA mixtures in more de-
tail. For this purpose CER(2–6) mixtures were pre-
pared. These mixtures were then mixed with CHOL
and long-chain FFA (the major chain lengths being C22
and C24) and their phase behavior was studied by X-ray
diffraction over a wide range of molar ratios at a pH of
5, being the pH of the surface of the skin (19). The
phase behaviors of these mixtures were compared with
those prepared from CHOL/CER(1–6)/FFA, thus in-
cluding CER 1. In addition, electron density calcula-
tions were performed and a molecular organization for
the two lamellar phases was proposed. In this model the
short periodicity phase is composed of only one bilayer,
while the long periodicity phase consists of two broad
and one narrow, low electron density regions.

EXPERIMENTAL

 

Isolation of stratum corneum from pig skin

 

Fresh pig skin was obtained from a slaughter house and
SC was isolated from the skin as described before (15).

 

Extraction, separation, and identification of lipids 
from stratum corneum

 

Epidermal lipids were extracted using the method of
Bligh and Dyer (20). The extracted lipids were applied
on a silica gel 60 (Merck) column with a diameter of 2
cm and a length of 33 cm. The various lipid classes
were eluted sequentially using various solvent mixtures
as published recently (15). The lipid composition of
collected fractions was established by one-dimensional
high performance thin-layer chromatography, as de-
scribed before (21). For quantification, authentic stan-
dards (Sigma) were run in parallel. The quantification
was performed after charring using a photodensitome-
ter with automatic peak integration (Desaga, Germany).
Isolated fractions were mixed to achieve mixtures of
CER(2–6) or mixtures of CER(1–6).

 

Preparation of lipid mixtures

 

The ceramides and CHOL were mixed in various
molar ratios, using a mean ceramide molar weight of

700 and 671 for CER(1–6) and CER(2–6), respec-
tively. For calculation of the mean ceramide molecu-
lar weight, the data on the ceramide composition and
alkyl chain length distributions (13) were used. A pH
5 was chosen, as that is the pH of the skin surface
(19). Mixtures were prepared from either CHOL and
CER(1–6) or CHOL, CER(2–6) and FFA as described
before (15). Briefly, the mixture was dissolved in chlo-
roform–methanol 2:1 at the desired composition and
applied on mica at a very low rate (4.2 

 

m

 

l/min) under
a stream of nitrogen. The applied lipid mixture was
then heated to approximately 100

 

8

 

C and kept at this
temperature for a few minutes and cooled down to
80

 

8

 

C, after which the mixture was covered with 1–2 ml
10 m

 

M

 

 acetate buffer, pH 5.0, and kept under nitro-
gen. Subsequently, the samples were quenched using
dry ice. Then the samples were placed in a small Teflon
sample holder, after which at least 10 freeze-thawing cy-
cles were carried out between 

 

2

 

20

 

8

 

C and room tem-
perature. Until use the samples were stored at 

 

2

 

20

 

8

 

C.
For the FFA mixture we chose long-chain free fatty ac-
ids in a molar ratio according to Wertz and Downing
(18). The following fatty acids were included in the
lipid mixtures: C16:0, C18:0, C22:0, C24:0 and C26:0 in
a molar ratio of 1.3:3.2:41.7:36.8:6.7, respectively.

 

X-ray diffraction measurements

 

All measurements were carried out at the Synchro-
tron 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 win-
dows. A detailed description of the equipment has
been given elsewhere (10). The experimental condi-
tions were similar as described before (15). No orienta-
tion of the lipid layers to the primary beam was
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 

 

u

 

, the scattering
angle. Calibration of the detector was carried out with
rat tail and cholesterol. From the scattering angle the
scattering vector (Q) was calculated Q 

 

5

 

 4 

 

p

 

 (sin 

 

u

 

)/

 

l

 

,
in which 

 

l

 

 is the wavelength being 0.154 nm at the sam-
ple position. Simultaneously with the small angle X-ray
diffraction experiments, wide angle X-ray diffraction
measurements were carried out using an INEL detec-
tor. The measurements were carried out during a pe-
riod of 10 min. The distance between the sample and
INEL detector was set to approximately 0.25 m. The
INEL detector was calibrated with cholesterol and Si.
The diffraction curves were plotted as a function of Q.

For calculations of the electron density profiles of the
long and short periodicity phase, the relative heights of
the peaks in the diffraction patterns of the equimolar
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CHOL:CER(1–6) mixture and the mixture prepared
from CHOL:CER(2–6) in a molar ratio of 0.4 were de-
termined. Smearing of the diffraction pattern by the
beam size or the resolution of the detector is negligi-
ble, as 

 

i

 

) the sample–detector distance (SAXD) is 1.4
m, 

 

ii

 

) the beam cross section is 0.5 

 

3

 

 3 mm

 

2

 

, and 

 

iii

 

)
the spatial resolution of the detector is 0.4 mm.

RESULTS

 

Ceramide isolation and preparation of lipid mixtures

 

Fractions containing CER (1–6) were isolated by col-
umn chromatography from extracts of porcine stratum
corneum lipids. Isolated ceramide fractions were mixed
to prepare mixtures of CER(2–6) in the same propor-
tions as present in pig SC. The CER(2–6) or CER(1–6)
mixtures were subsequently mixed with CHOL at vary-
ing molar ratios or in equimolar ratios with both CHOL
and FFA. The composition of CER(2–6) in weight per-
centages is 43.2, 25.8, 5.3, 19.3, and 6.3% for CER 2,
CER 3, CER 4, CER 5, and CER 6, respectively. The
composition of the CER(1–6) has been published re-
cently (15, 22).

 

Phase behavior of lipid mixtures

 

Lamellar phases.

 

 The X-ray diffraction curves of
CHOL/CER(2–6) mixtures in molar ratios of 0.2, 0.4,
and 1 are presented in 

 

Fig. 2a and b

 

. The spacings are
summarized in 

 

Table 1

 

. The diffraction curve of the 0.2
molar mixture revealed one strong 5.25 nm peak (Q 

 

5

 

1.20 nm

 

2

 

1

 

) and two weak reflections at 2.62 nm
(Q 

 

5

 

 2.40 nm

 

2

 

1

 

) and 1.77 nm (Q 

 

5

 

 3.55 nm

 

2

 

1

 

) based
on a 5.25 nm lamellar phase. In addition, two weak
shoulders were observed at approximately 6 nm (Q 

 

5

 

1.05 nm

 

2

 

1

 

) and 4.4 nm (Q 

 

5

 

 1.43 nm

 

2

 

1

 

), respectively,
which might be based on the 12.2 nm lamellar phase
(15). Increasing the CHOL content to a molar ratio of
0.4 revealed a similar diffraction pattern. The strong
and weak peaks shifted to 5.21 nm (Q 

 

5

 

 1.21 nm

 

2

 

1

 

),
2.61 nm (Q 

 

5

 

 2.41 nm

 

2

 

1

 

) and 1.72 nm (Q 

 

5

 

 3.65
nm

 

2

 

1

 

), respectively, indicating a slight shift in the peri-
odicity to 5.21 nm. In addition, two weak diffraction
peaks appeared at 3.37 and 1.69 nm, respectively, based
on crystalline CHOL. Increasing the CHOL content
further to a molar ratio of 1 again shifted the main
peak to a slightly shorter spacing of 5.16 (1.22 nm

 

2

 

1

 

)
nm. In addition, two shoulders observed at lower
CHOL content turned into two weak peaks at 6.4 (0.98
nm

 

2

 

1

 

) and 4.4 (1.43 nm

 

2

 

1

 

) nm and the intensity of the
reflections based on crystalline cholesterol increased
compared to those observed at a molar ratio of 0.4.

Mixtures prepared from CHOL, CER(2–6), and long-
chain FFA revealed a similar phase behavior compared to
the equimolar mixtures of CHOL and CER(2–6), see Fig-
ure 2b. A strong peak at 5.4 nm was observed with two
weak shoulders at 6.5 and 4.6 nm on both sides of this
peak. Furthermore, peaks based on crystalline CHOL
were smaller than observed in the diffraction curve of the
equimolar mixture of CHOL and CER(1–6).

In a recent study (15) the phase behavior of mixtures
prepared from CHOL/CER(1–6) was investigated.
From the intensity of the 3.35 nm diffraction peak
based on CHOL it was concluded that the amount of
CHOL that phase separated increased with increasing
relative amount of CHOL. In this study the solubility of
CHOL in lipid mixtures was studied in more detail. At
a CHOL/CER(1–6) molar ratio of 0.2 and 0.3, no dif-
fraction peak at 3.35 nm spacing was detected, indicat-
ing that no CHOL phase separation occurred. At a
molar ratio of 0.4, a small diffraction peak at 3.35 nm
spacing is present suggestive of CHOL phase separa-
tion. From these observations it was concluded that
CHOL in CHOL/CER(1–6) mixture starts to phase
separate between a molar ratio of 0.3 and 0.4. Interest-
ingly, between a molar ratio of 0.1 and 0.4, the short pe-
riodicity phase decreased in periodicity from approxi-
mately 6.7 to 5.2 nm. Further increase of the CHOL
content did not result in a further decrease in the peri-
odicity of this phase. It seems that intercalation of CHOL
results in a reduction of the bilayer thickness of the
short periodicity phase. At a CHOL/CER(1–6) molar
ratio of 0.3, the 12.2 nm phase was already formed and
did not change in repeat distance upon further in-
crease of the CHOL content.

 

Lateral packing.

 

 The wide angle X-ray diffraction
curves of mixtures prepared from CER(2–6) and
CHOL at a molar ratio of 0.2, 0.4, and 1 are plotted in
Fig. 2c. In these curves, a peak was observed at a spac-
ing of approximately 0.412 nm, indicative of a hexago-
nal lateral packing. The intensity of this reflection de-
creased with increasing CHOL content suggesting that
a fluidization occurs.

The diffraction pattern of mixtures prepared from
CHOL, CER(2–6), and long-chain FFA revealed one
strong peak at 0.410 nm and a broader peak at 0.38 nm
spacing. The presence of the 0.38 nm peak indicates
that at least some lipids transformed from hexagonal to
orthorhombic lateral packing.

 

Model calculations

 

To propose a model for lipid organization within the
short and long repeat units, the electron density distri-
bution was calculated using diffraction curves obtained
with either CHOL/CER(2–6) or CHOL/CER(1–6) mix-
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tures. The background scattering at the positions of the
peaks was determined by interpolation of the base line
on both sides of the peaks using a straight line. Diffrac-
tion peaks that partly overlapped were deconvoluted by
assuming that the diffraction peaks were symmetric.
This seems to be appropriate, as no smearing of the dif-
fraction pattern occurred. Because a random orienta-
tion of the lipids in the sample has been observed (15),
the calculated intensities were divided by Q

 

2

 

, the so-
called Lorenz factor. Furthermore, in the model calcu-

lations disorder of the first and second kind were
neglected.

 

Short periodicity phase.

 

 The peak heights of the short
periodicity phase could be accurately determined with
the diffraction curve of the CHOL/CER(2–6) mixture
in a molar ratio of 0.4, because in this curve the diffrac-
tion peaks corresponding to the 12.2 nm phase were
weak. In the calculations, the electron density profiles
of the head group regions were approximated by a
gaussian electron density distribution. To reduce the

Fig. 2. A: Small angle X-ray diffraction curves of mixtures of
CHOL and CER(2–6) in a molar ratio of 0.2:1 and 0.4:1. The
numbers I, II, and III refer to the 1st, 2nd, and 3rd order diffrac-
tion peak of the approximately 5.2 nm phase. The number 3 re-
fers to the 3rd order peak of the 12 nm phase. CHOL denotes
cholesterol. Arrow: shoulder based on the 12 nm lamellar phase.
B: Small angle X-ray diffraction curves of a CHOL/CER(2–6)
mixture in a molar ratio of 1:1 and a mixture of CHOL, CER(2–
6), and free fatty acids (FFA) in a molar ratio of 1:1:1. The num-
ber 1 refers to the 1st order of the approximate 5.2 nm phase; the
numbers 2 and 3 refer to the 12 nm lamellar phase. CHOL de-
notes cholesterol. C: The wide angle X-ray pattern of the CHOL/
CER(2–6) mixtures in a molar ratio of 0.2:1, 0.4:1 and 1:1 and the
wide angle X-ray pattern of the CHOL/CER(2–6)/FFA in a molar
ratio of 1:1:1. *Denotes reflections based on hydrated crystalline
cholesterol; O denotes the diffraction peaks based on an ortho-
rhombic packing, while H denotes the reflection based on a hex-
agonal lateral packing.
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number of variables to two, the electron density of
the hydrocarbon regions was kept constant. Based on
the difference in fatty acid and sphingosine base chain
lengths, the terminal methyl groups of the hydrocar-
bon chains are not expected to be located in the center
of the hydrocarbon regions causing a low electron den-
sity region. The intensities of the diffraction peaks were
calculated by Fourier transformations of the electron
density profiles. In an interactive procedure, in which
the position and width at half intensity of the gaussian
distribution in the electron density profile were system-
atically varied in steps of 0.002 and 0.01 nm, respec-
tively, the difference between the calculated and exper-
imental peak heights of the diffraction curves was
minimized. The experimental intensities of four dif-
fraction peaks were available for the calculations.

Due to the loss of phase information in calculating
the intensities from an electron density profile, known
as the phase-problem (23), no unique electron density
profile could be selected. However, all the selected
electron density profiles indicate that the short period-
icity phase consists of one bilayer. The electron density
profiles differed only slightly in the positions of the
head groups. In the various calculated electron density
profiles, the distance between the two head group
regions in one unit varied between 4.60 and 4.99 nm.
An example of the electron density profiles is plotted in

 

Fig. 3

 

. The corresponding calculated and experimental
intensities are given in 

 

Table 2

 

.

 

Long periodicity phase.

 

 The electron density calcula-
tions of the long periodicity phase were carried out
using the diffraction curve of the equimolar mixture of
CHOL/CER(1–6). In the model calculations of the
electron density profiles of the 12.2 nm lamellar phase,
the width and the position of the gaussian distributions
were varied systematically. The intensity of the various
diffraction peaks was calculated by Fourier transforma-

tion of the electron density distributions. The number
of independent variables was 4; the number of diffrac-
tion peaks was 7. In selecting the optimal electron den-
sity profile of the 12.2 nm phase, the difference in

 

TABLE 1. Periodicity (d) of the various phases and the positions of the corresponding
 reflections found in mixtures of CHOL, CER(2–6), and FFA

 

CHOL:CER
(2–6):FFA

Periodicity
of Phase Reflections WAXD CHOL

 

nm nm

 

0.2:1:0

 

<

 

12–13

 

a

 

<

 

6(2), 

 

<

 

4.4(3) 0.415

 

b

 

5.25 5.25(1), 2.62(2), 1.77(3)
0.4:1:0

 

<

 

12–13

 

a

 

<

 

6(2), 4.4(3) 0.415

 

b

 

3.37, 1.69
5.21 5.21(1), 2.62(2), 1.77(3)

1:1:0

 

<

 

12–13

 

a

 

<

 

6(2), 4.35(3) 0.41

 

b

 

3.37, 1.69
5.16 5.16(1)

1:1:1

 

<

 

12–13

 

a

 

6.5(2), 4.6(3) 0.415

 

b

 

3.33, 1.68

 

5.4

 

5.4(1), 2.78(2)

 

a

 

Due to the inaccuracy in the peak positions, only an approximate periodicity and peak positions can be
given.

 

b

 

The intensity of this reflection decreased with increasing CHOL content in the CHOL:CER(2–6) mix-
tures. Addition of FFA increased the reflection in intensity.

Fig. 3. The calculated electron density of the 5.2 nm lamellar
phase plotted as a function of the distance (ro) perpendicular to
the basal plane. The head group regions are presented by a gauss-
ian electron density distribution, the width at half maximum be-
ing 0.24 nm. The distance between the head group regions is 4.76
nm. However, due to the loss of phase information this distance
could not be determined very accurately (see text). Below the
electron density profile, the proposed molecular arrangement in
this phase, in which only CER(2–6) and CHOL are included, is
drawn. The bilayer is formed by two opposite interdigitating cera-
mides or an interdigitating CHOL and ceramide.
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intensity between the calculated and experimental dif-
fraction peaks of the curve of the equimolar CHOL/
CER mixture was minimized in an interactive proce-
dure, in which in the electron density profile the posi-
tion and width at half intensity of two gaussian distribu-
tions were independently systematically varied in steps
of 0.002 and 0.01 nm, respectively. Several electron
density profiles were found, the corresponding peak in-
tensities of which all fitted to the experimental ones.
Therefore, it was decided to introduce some restric-
tions that were based on observations, such as 

 

i

 

) the
small size of the ceramide head groups limits the width
at half maximum of the gaussian electron density distri-
bution to 0.8 nm, 

 

ii

 

) a water region between the termi-
nal head group regions was considered to be absent as
no swelling of the lamellar phases in SC was observed
upon increasing the water content (10, 12), 

 

iii

 

) the
fatty acids linked to ceramides show a bimodal chain-
length distribution with the prevailing chain lengths
around C24–C26 and C16 (13, 22), and 

 

iv

 

) the C16 and
C24 ceramides do not mix but phase separate even in
the presence of large amounts of CHOL, as demon-
strated in a recent study in which SC lipid phase behav-
ior in mixed Langmuir-Blodgett monolayers was exam-
ined (22). It is therefore likely that the ceramides with
fatty acid chain length of C16 and C24 do not accom-
modate within the lipid layers of the long periodicity
phase, but form separate layers in one unit cell. Taking
these observations into account and assuming a sym-
metrical electron density distribution in the unit cell,
we decided to vary the position of two gaussian electron
density distributions between 1 and 1.2 nm symmetri-
cally from the center of the unit cell. These values were
based on the C16 fatty acid chain length prevailing in
CER 5 (13) and on the length of the linoleic chain
linked to the 

 

v

 

-hydroxy fatty acid of CER 1 (13). Fur-

thermore, the localization of the two remaining gauss-
ian electron density distributions of the terminal head
group regions of the unit cell was varied between 5.3
and 6.05 nm from the center of the unit cell, as the cer-
amides containing C24–C26 fatty acids are more abun-
dantly present than the ceramides containing C16 fatty
acids and almost no swelling of the SC lamellar phase
was observed in the presence of water. With these re-
strictions, two broad hydrocarbon chain regions were
created. The difference between the calculated and ob-
served intensities of the various diffraction peaks was
minimized. The resulting electron density distribution
is drawn in 

 

Fig. 4,

 

 the corresponding calculated and ex-
perimental intensities of the various diffraction peaks
are given in Table 2.

DISCUSSION

 

Phase behavior of skin lipid mixtures

 

In a recent study in which the phase behavior of mix-
tures prepared from CHOL and CER(1–6) was exam-
ined (15), we found that over a large range of CHOL/
CER(1–6) molar ratios, two lamellar phases were
present with repeat distances of 5.2 and 12.2 nm, re-
spectively. The addition of long-chain FFA increased
the periodicities of these phases to approximately 5.3
and 13.1 nm, respectively. From these studies it was
concluded that the lipid mixtures mimic the lipid
phase behavior in SC very closely.

In the present study the role of CER 1 on the SC lipid
phase behavior was investigated by studying the phase
behavior of CHOL/CER(2–6) mixtures. This phase be-
havior was compared to that of CHOL/CER(1–6) mix-
tures (15). In the absence of CER 1, the phase behavior
of the lipid mixtures changed quite dramatically: at
molar ratios between 0.2 and 1 the short periodicity
phase at approximately 5.2 nm was prevailing. On the
diffraction curves obtained with these CHOL/CER(2–
6) mixtures, the peaks (6.4 and 4.3 nm) based on the
long periodicity phase were very weak, indicating that
only a small fraction of the lipids is organized in the
long periodicity phase. The same observations have
been made when long-chain FFA were included in the
mixture.

Our observations are in agreement with findings of
McIntosh, Stewart, and Downing (17) with a mixture
lacking CER 6 and containing only PA. This observa-
tion was quite surprising as our recent studies revealed
that the presence of CER 6 is important for the forma-
tion of the long periodicity phase at high CHOL/CER
ratios as used by McIntosh, Stewart, and Downing (17).

 

TABLE 2. Experimental and calculated intensities of the
12.2 nm and 5.2 nm phases

 

Order
of Peak

12.2 nm Phase 5.2 nm Phase

Experimental
Intensity

Calculated
Intensity

Experimental
Intensity

Calculated
Intensity

 

1 0.78

 

a

 

0.77

 

a

 

557

 

a

 

557

 

a

 

2 1 1 1 1
3 0.54 0.54 3.4 3.5
4

 

,

 

0.01

 

b

 

0.025 0.20 0.17
5

 

,

 

0.05 0.045
6 0.0125 0.011

 

7

 

,

 

0.011

 

0.004

aThe intensity values are relative intensities, in which the second
order diffraction peak is set equal to 1.

b Three peak intensities could not be determined very accurately,
as the peak possibly overlaps with another peak from either the 5.3
nm phase or crystalline CHOL. Therefore, in these cases, only a max-
imum value for the peak intensity could be given.
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In addition, we found that the pH affects the lipid orga-
nization ( J. A. Bouwstra, F. E. R. Dubbelaar, G. S.
Gooris, W. Weerheim, and M. Ponec, unpublished re-
sults). Namely, an increase in pH promotes the forma-
tion of the long periodicity phase. Furthermore, in the
presence of the short-chain FA, phase separation oc-
curs. The finding of the formation of the long period-
icity phase with CHOL/CER(1–5)/PA mixtures pre-
pared at a molar ratio of 2:2:1 and hydrated with water
(17) indicates that a compensation of the ‘negative ef-
fects’ of the above-mentioned factors may occur.

The lateral packing in the mixtures of the CHOL/

CER(2–6) is mainly hexagonal similar to that seen in
CHOL/CER(1–6) mixtures. In contrast to observations
made with CHOL/CER(1–6) mixtures, in the diffrac-
tion pattern of the CHOL/CER(2–6) mixtures the
0.415 nm reflection based on the hexagonal lateral
packing decreased in intensity with increasing CHOL
content. This strongly indicates a decrease in the order-
ing of the lateral packing and a phase change from a
hexagonal to a liquid lateral packing. The finding that
the presence of CER 1 favors the formation of the long-
periodicity phase and an ordered lipid lamellar pack-
ing clearly indicates the important role CER 1 plays in

Fig. 4. The calculated electron density profile of the 12.2 nm lamellar phase as a function of the distance (ro) perpendicular to the basal
plane. Note that the width at half maximum intensity of the gaussian electron density distribution of the head-groups located on both sides
of the narrow low-electron density region is 0.43 nm, which is larger than the width at half maximum intensity of the gaussian electron den-
sity distributions located at the boundaries of the unit cell being 0.2 nm in width. Below the electron density profile, the schematic presen-
tation of the proposed molecular arrangement of the 12.2 nm phase, in which the long chain fatty acid ceramides and short chain fatty
acid ceramides are localized in separate lipid layers, is drawn. Note the undulation of the head group regions on both sides of the narrow
low electron density region in the center of the unit cell. The undulations correspond to the broader gaussian electron density profile in
these regions shown in electron density profile. The molecular structures of the various ceramides are drawn in Fig. 1.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


194 Journal of Lipid Research Volume 39, 1998

the formation of the long periodicity phase and the
hexagonal lateral packing.

Molecular arrangement in the lamellar phases

Long periodicity phase. We propose that SC lipid lamel-
lae consist of three lipid layers, in which the ceramides
are either partly interdigitating (the broad low-electron
density layers) or fully interdigitating (the narrow low-
electron density layers), see Fig. 4. The two broad low-
electron density regions are formed by ceramides, with
the long-chain fatty acids (predominantly C24 to C26)
linked to the (phyto)sphingosine backbone, and
CHOL, while the narrow low-electron density region is
formed by the short-chain ceramides (predominantly
C16). This molecular model is based on a) the calcu-
lated electron density profile that consists of one nar-
row and two broad low-electron density regions, b) the
importance of CER 1 for the formation of the long pe-
riodicity phase, and c) observations from other studies,
the most important being i) the bimodal fatty acid
chain-length distribution of the ceramides (13), ii) the
phase separation between ceramides with long-chain
fatty acids and ceramides with short-chain fatty acids as
observed in the monolayer approach (22) and iii) the
absence of swelling upon increasing the water content
in SC (8, 9). In this molecular model, CER 1 plays an
important role in the formation of the long periodicity
phase as it dictates the broad-narrow-broad sequence in
the structural unit. Moreover, the formation of this
phase is facilitated by the presence of ceramides with
C14–C16 fatty acids. An extended C16 chain is about
1.9 nm, approximating the width of the hydrophobic
region in the narrow low electron density region (1.8
nm). The C16 chain length is predominantly present in
CER 5 (13) and therefore CER 5 is expected to be lo-
cated in the narrow low electron density region. In the
absence of CER 5 the function of this ceramide can
most probably be partly taken over by CHOL. Recently
we have shown that CHOL/CER(1,2) mixtures form
the long periodicity phase only at high CHOL/CER(1,2)
molar ratios (.0.6) (24), which indirectly substantiates
the possible replacement of CER 5 by CHOL.

The proposed model strongly suggests that if the
short-chain ceramide is present for the formation of the
narrow electron density region, the solubility of CHOL
in the long periodicity phase in the CHOL/CER (1–6)
mixture reaches saturation at a molecular ratio of ap-
proximately 0.2. The low solubility of CHOL in the
long periodicity phase is supported by the finding that
the diffraction peaks of the long periodicity phase do
not change in position and intensity in CHOL/CER(1–
6) mixtures exceeding a molar ratio of 0.3, while the
periodicity of the 6 nm phase decreases until a molar
ratio of 0.4 is reached. In SC the solubility of CHOL is

much higher due to the presence of FFA (15) and
other lipids such as cholesterol sulfate (recent observa-
tions from our laboratory).

The CHOL molecules with their short hydrocarbon
tail and the long chain ceramides partly interdigitate in
the broad low-electron density regions similarly as in
the short periodicity phase, see below (Fig. 3). In order
to find out whether a CHOL and a ceramide with a
long chain fatty acid can be integrated in one lipid
layer, molecular modelling calculations were carried
out. For this purpose we used the crystal structure of N-
tetracosanoyl-phytosphingosine published by Dahlen
and Pascher (25). The two alkyl chains in this structure
are present as a V-shaped element. A conformation in
which the two alkyl chains were arranged in a more par-
allel fashion, however, was energetically equally feasi-
ble. We further analyzed this conformation (referred to
as C24 CER), as it approaches the bilayer organization
much better. Molecular modelling calculations re-
vealed a difference in length of approximately 0.8 nm
between the longest axis of two opposite interdigitating
C24 CERs (hydrophobic core approximately 4.8 nm)
and the longest axis of an interdigitating C24 CER and
CHOL (hydrophobic core approximately 4 nm), dem-
onstrating that intercalation of the CHOL in the lipid
layers creates some space in these layers. CHOL might
therefore induce a phase change to a less tight lateral
packing. This is in agreement with our recent observa-
tions, in which we found that while a ceramide mixture
forms crystalline phases (15), the addition of CHOL in-
duces a transition from a crystalline to a hexagonal lat-
eral packing. The created space can partly be compen-
sated for by the undulations of ceramide head groups
on both sides of the narrow hydrocarbon region in the
center of the unit cell, see Fig. 4. This might be one of
the reasons why the bilayer stacking of the long period-
icity phase is highly ordered, as demonstrated by
the high number of diffraction peaks often found in
the diffraction curve of this phase. Finally, the undula-
tions of the head group positions would reduce the
width of the broad and narrow low electron-density re-
gion and increase the width of the two high electron
density head-group regions close to the center of the
membrane. This hypothesis is supported by the results
of the electron density calculations, although the width
of the headgroup regions might be somewhat underes-
timated. A requirement for the proposed molecular ar-
rangement is that the surface areas of cholesterol and
ceramides are approximately equal. This has been re-
cently observed in experiments in which the phase be-
havior of SC lipids was examined using the monolayer
approach (22). Studies with Langmuir-Blodgett films
revealed that the surface area per molecule of pig cera-
mides and CHOL are very similar at high surface pres-
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TABLE 3. Summary of the differences in the molecular organization of the
long periodicity phase presented in this paper and proposed previously (4)

SC Lipid
Arrangement Items

Model Presented
in This Paper

Previously Proposed
Model (4)

Ceramide arrangement tail to tail double planar
Role of CER 5 central none
Mixtures of CER with long- and

 short-chain fatty acids phase separationa no phase separation
Role of lipids covalently bound

to the cornified envelope noneb important

aPhase separation between long- and short-chain CER has been found in the monolayer approach (22).
bLamellar phase is formed in lipid mixtures in their absence (15).

sures. High surface pressures are expected to be pres-
ent in a crystalline or hexagonal phase observed in
these CHOL/CER lipid mixtures.

The results of the present study clearly show that in
the absence of CER 1 only a small proportion of lipids
in CHOL/CER(2–6) mixtures form the long periodic-
ity phase. From these observations it was concluded
that CER 1 is required for proper organization of lipo-
philic regions in this phase, the long C30–C34 v-
hydroxy-chain of CER 1 fits into the broad hydrocar-
bon regions, while the short linoleic chain fits into the
narrow hydrocarbon region (Fig. 4). Interestingly the
length of the completely extended v-hydroxy C30–C34
fatty acid chain is approximately 4.0 nm, similar to the
width of the hydrophobic core of the interdigitating
CER and CHOL. The presence of CER 1 in the struc-
ture creates space that can be filled by long chain fatty
acids, which would make the structure more tightly
packed (Fig. 4). This is in agreement with recent obser-
vations; long chain fatty acids induce a transition from
a hexagonal to an orthorhombic lateral packing (see
Fig. 2c and paper in preparation).

The calculated electron density profile and the mo-
lecular arrangement of the lipids correlates with the
broad-narrow-broad pattern observed in the electron
micrographs of SC stained and fixed with ruthenium
tetraoxide (4, 26). Based entirely on this appearance, a
molecular model was proposed by Swarzendruber et al.
(4). In both models the central role of CER 1 is obvi-
ous: it is the ceramide that links the narrow and broad
low-electron dense regions. However, their model dif-
fers in many aspects from our model, as summarized in
Table 3. The most important difference is that in our
model the ceramides have a tail-to-tail double arrange-
ment in the lipid layers, while the ceramides in their
model are arranged in a planar alignment (4). As a
consequence, their molecular model suggests that the
interfacial area of the ceramides in planar alignment
and CHOL should be approximately equal, which is
not in agreement with published data. Dahlen and Pas-
cher (27) reported that the interfacial area of the cera-

mides in a planar alignment is approximately 0.25 nm2.
This is different from the interfacial area of CHOL,
which is approximately 0.37 nm2 (28). By contrast, the
interfacial area per ceramide molecule having a tail-to-
tail double arrangement is predicted to be approxi-
mately 0.40 nm2 (27). Therefore, our model, in which
the CHOL and ceramides have an equal interfacial
area, is in agreement with these data. 

Short periodicity phase. As could be concluded from the
electron density calculations, the short periodicity
phase consists of only one bilayer. As no swelling in the
SC lamellar phases was seen upon increasing the water
content (8, 9), most probably the terminal head groups
in adjacent unit cells are located very closely to each
other. Despite the difference in length between two op-
posite interdigitating CERs and a CER and CHOL,
CHOL most probably is intercalated in the bilayer at a
position similar to the ceramides. This conclusion is
based on the observation that increasing CHOL con-
tent in the CHOL/CER(1–6) mixtures from a molar ra-
tio of 0.1 to 0.4 caused a decrease in the periodicity of
the short periodicity phase from 6.7 to 5.2 nm. It is
likely that the extent of interdigitation of a CER and
CHOL is reduced by decreasing the CHOL/CER molar
ratio. This decrease in the extent of interdigitation will
reduce the difference in length of two opposite inter-
digitating CER and of the CER 1 CHOL and most
probably increases the hydrophobic interaction be-
tween the cholesterol molecule and the surrounding
ceramides. Finally, in the short periodicity, the solubil-
ity of CHOL is expected to be large reaching a CHOL/
CER(1–6) molecular ratio of at least 0.5 and possibly
even higher.

In conclusion, the present study reveals that CER 1
is of great importance for the formation of the lateral
lipid packing as well as the long range lamellar order-
ing in SC. A decrease in the CER 1 content in stratum
corneum will most probably result in a decrease in the
proportion of lipids organized in the long periodicity
phase in SC as observed in the present study with the
lipid mixtures and in recent studies performed with
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human SC (V. Schreiner, S. Pfeifer, E. Proksch, and
J. A. Bouwstra, unpublished results). In addition, the
long range ordering exhibits a very exceptional mo-
lecular arrangement in which long-chain and short-
chain ceramides are arranged in separate lipid layers,
forming a broad-narrow-broad sequence in the 12 nm
lamellar phase. The molecular organization for the
long and short periodicity phases clearly shows that
for the formation of the two lamellar phases in the
stratum corneum not only the head group architec-
ture but also the fatty acid chain length in individual
ceramides and the differences in the chain length be-
tween the fatty acid and the (phyto)sphingosine base
are very important. In addition, the results presented
in this paper and other recent reports (15, 17) clearly
demonstrate that for the formation of the long peri-
odicity phase no proteins are required, as was sug-
gested in earlier X-ray diffraction studies on intact SC
(8, 9, 11).

Manuscript received 24 February 1997, in revised form 1 July 1997, and in
re-revised form 4 September 1997.
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