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This study describes the influence of cholesterol on a model membrane consisting of four stratum corneum
(SC) lipids in three different states at 32 and 85 °C. Using small-angle X-ray diffraction on multilamellar
vesicles, the lamellar repeat distance, D, was determined. Small-angle neutron scattering on unilamel-
lar vesicles was used to calculate the membrane thickness, average area of the membrane surface per
molecule, average volume per molecule in the membrane, and membrane density. After the sample prepa-
ration, the membranes show one lamellar phase. Over 10 days, the systems separate into two lamellar

Keywords: - phases and crystalline cholesterol. On heating the samples to 85 °C, the domains merge into one phase,
Stratum corneum lipids . . op s . . .
Cholesterol the D-value of which increases slightly with increasing cholesterol concentration. On cooling the samples

back to 32°C, only one phase is observable again. The increasing cholesterol concentration in the mem-
brane causes a decrease in the D-value, membrane thickness, and membrane density. Simultaneously, the
area of the membrane surface and membrane volume per molecule increase. In conclusion, cholesterol
fluidises the SC lipid membranes in the state below the main phase transition and condenses above it.
This effect can have an important impact on the pathologic skin states such as the recessive X-linked
ichthyosis.
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1. Introduction found. The recessive X-linked ichthyosis (RXLI) is associated

with the steroid sulphatase deficiency; the enzyme which con-

The skin barrier plays an essential role in protecting the body
against xenobiotics from the environment and against water evap-
oration from the organism. Stratum corneum (SC), the outermost
skin layer, is responsible for the permeability of mammalian skin.
This membrane consists of keratin-rich corneocytes embedded in a
lipid matrix with a lamellar organization. Ceramides of nine types,
free fatty acids, cholesterol, and cholesterol derivatives are the most
abundant lipids in the SC [1].

The SC lipids show a complex behaviour, which is depen-
dent on the particular lipid composition in the SC matrix. In
diseased skin, a deviation in lipid composition has often been
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verts sulphated steroids to steroids [2]. Therefore, increased
levels of cholesterol sulphate (CS), connected with decreased lev-
els of cholesterol (CHOL), were found in the affected skin [3].
Although the CS accumulation seems to be the primary mech-
anism contributing to the barrier abnormalities in RXLI, the
reduced CHOL levels also play an important role, especially in
the altered membrane dynamics. Topically administrated CHOL
reverses the pathologic effects of excess CS on SC membrane
structure, barrier function, and desquamation [4]. Additionally,
ichthyotic symptoms can be induced by cholesterol-lowering drugs
[5].

Although there are several studies focusing on the role of CHOL
in the SC [6-9], the influence of CHOL on the SC lipid membrane
structure still requires a complete elucidation.

There is a range of methods, such as X-ray diffraction, NMR, IR
and Raman spectroscopy that can be used to describe the internal
structure of membranes. Small-angle neutron scattering (SANS) is
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Fig. 1. Chemical structure of Cer[AP].

not an unusual technique in the studies on various phospholipid
systems [10,11]; it has, however, rarely been employed in the skin
characterization. The very small-angle neutron scattering has been
successfully applied to study the water sorption [12] and to cal-
culate some structural features of SC [13]. Similarly, the neutron
diffraction on native SC [14,15] and multilamellar SC lipid films
[16] makes it possible to study the SC membrane structure and
hydration. Nevertheless, SANS has been reported not to be the ideal
method when used on the native SC due to the high complexity of
the system [17].

For this reason, SANS on a more simple system such as unilamel-
lar vesicles (ULVs) of a SClipid model membrane is employed in this
study. Because it is not possible to prepare stable ULVs at a pH close
to the physiological pH of human skin [18], the experiments must
be carried out at higher pH values when the state of protonation of
the charged membrane components changes.

The aim of the present study is to describe the effect of CHOL on a
model membrane imitating the native SClipid matrix and to charac-
terize the alterations in the membrane structure evoked by a change
of CHOL concentration in the system. Besides X-ray diffraction on
multilamellar vesicles (MLVs), SANS on ULVs is newly applied. The
obtained results should contribute to elucidation of CHOL in RXLI.

2. Material and methods
2.1. Material

N-a-Hydroxyoctadecanoylphytosphingosine  (Cer[AP]; see
Fig. 1) was a gift from Cosmoferm (Delft, The Netherlands). CHOL,
CS, and palmitic acid, as well as Trizma® (Tris) buffer, and sodium
chloride were purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). D,0 (99.98% deuteration) was purchased from Chemotrade
(Leipzig, Germany). Water, chloroform, and methanol used were
of HPLC grade.

2.2. Vesicle preparation

The composition of the lipid system used in this study was cho-
sen based on previous data [18,19]. A basic system (mixture IV)
consisting of 55% (in weight) Cer[AP], 25% CHOL, 15% palmitic acid,
and 5% CS should mostly imitate the real SC lipid composition. The
other samples were prepared by varying the proportion of CHOL
(from 10 to 30%), with the relative ratio of other lipids remaining
constant. The samples used in the study are listed in Table 1.

MLVs were prepared by the ‘thin layer method’ [20]. The lipids
were dissolved separately in a chloroform/methanol mixture 2:1
(in volume). The required amounts of the solutions were mixed
together and dried using a rotary evaporator. To remove completely
the solvent, the samples were kept under vacuum for 1 day. An
appropriate amount of 10 mM Tris buffer, pH 9.0 with 100 mM NaCl
in water or in D,O was added to the dry sample. The samples were
then heated for 1h to 90°C and mixed on a vortex every 20 min
until a milky MLV suspension was formed.

The ULVs were prepared from the MLV suspension by extru-
sion through polycarbonate filters with a pore diameter of 500 A
at 75°C using a LiposoFast Basic extruder from Avestin (Ottawa,
Canada).

2.3. Vesicle characterization

The concentration of lipids in the ULVs after extrusion was deter-
mined by high performance thin layer chromatography (HPTLC)
using Automatic TLC Sampler 4, AMD 2 development chamber and
TLC scanner 3 (Camag, Muttenz, Switzerland) according to Far-
wanahetal.[21]. Integration and quantification based on peak areas
were performed using CATS software (Camag).

The size and stability of prepared ULVs (1%, w/w of lipids in
buffer) was checked by photon correlation spectroscopy using
a particle size analyser (Malvern HPPS-ET, Malvern Instruments,
UK). The measurements were carried out at 32°C. The hydrody-
namic radius and the polydispersity have been calculated from
the correlation function by the CONTIN algorithm using the HPPS-
Malvern program for dispersion technology and light scattering
systems.

2.4. Small-angle X-ray diffraction

Small-angle X-ray diffraction (SAXD) data were collected on
the Soft Condensed Matter beamline A2 of HASYLAB at the stor-
age ring Doris Ill of the Deutsches Elektronen Synchrotron. A
two-dimensional CCD detector was used for data acquisition. The
diffraction patterns from MLVs with 20% (w/w) lipid concentra-
tion in Tris buffer with 100 mM sodium chloride were measured at
32, 85, and again at 32°C in specially designed copper cells (50 .l
in volume) with a polyimid-foil (Kapton®, DuPont, Luxembourg)
window. Before the measurements, the samples were incubated 10
days at 5°C. The sample-to-detector distance was 585 mm and the
X-ray wavelength was 1.5 A. The acquisition time of each sample
was 3 min. Silver behenate and rat tendon tail were used for cal-
ibration. Prior to each measurement, the sample was allowed to
thermally equilibrate for 10 min.

The data evaluation was carried out using the FIT2D software
[22]. The scattered intensity was measured as a function of scat-
tering vector, g. The latter is defined as q=(4m/A)sin 6, where 26 is
the scattering angle and A is the X-ray wavelength. The lamellar
repeat distance, D, was calculated from the first order diffraction
peak according to D=2m/q. The diffraction peaks were fit using a
Lorentzian function to determine the exact positions. This function
was chosen instead of the usual Gaussian one because of the higher
fit accuracy.

A STOE STADI-IV diffractometer (Stoe and Cie, Darmstadt, Ger-
many), equipped with Cu Ko radiation (wavelength 1.54A) and a
linear position sensitive detector, was used to measure the diffrac-
tion patterns from the MLVs about 3 h after the preparation. The
samples were placed in a quartz capillary and measured in a trans-
mission geometry at 20°C with the 20 scan between 0° and 6°
taking 2 h.

Table 1

Lipid composition of the model systems (in wt%)

Lipid I Il 1 v \Y
Cholesterol 10(8.6) 15(14.2) 20(-)? 25(21.6) 30(27)
Ceramide[AP] 66 62.3 58.7 55 51.3
Palmitic acid 18 17 16 15 14
Cholesterol sulphate 6 5.7 5.3 5 4.7

The concentration of cholesterol in ULVs after extrusion is given in brackets.
2 Not measured.
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2.5. Small-angle neutron scattering

The ULVs with 1% (w/w) lipid concentration in Tris buffer in D, O
adjusted to pH 9 were measured with neutrons of wavelength 8.1 A
atthe SANS 1 spectrometer of the Geesthacht Neutron Facility, GKSS
Research Centre, Germany. To obtain scattering curves in a broad q
range, four sample-to-detector distances of 705.0, 1805.0, 4505.0,
and 9705.0 mm were used. The data were collected at 32°C. The
acquisition time at 705.0 mm was 1 h; at other sample-to-detector
distances it was 0.5 h. For background subtraction, the scattering
curve of the relevant buffer has been used, which was measured
the same way as the sample.

The analysis of the SANS curves has been performed using two
methods, namely the ‘model of separated form factors’ (MSFF) [23],
and the Kratky-Porod analysis of the Guinier approximation (GA)
[24-26].

According to the MSFF, the macroscopic cross-section of the
monodispersed population of ULVs is given by

dX(q)
d2mon

where n is the number of vesicles per unit volume, Fs(q,R) is the
form factor of the infinitely thin sphere with the radius R

= nFs(q, R)Fy(q, d)S(q) (1)

RZ . 2
Fs(q,R) = <4an sm(qR)) (2)

Fy(q,d) is the form factor of the symmetrical lipid bilayer with the
thickness d, which can be expressed by

Fula.d) = (222 sin (?))2 3)

for the case of a bilayer with constant scattering-length density
across the membrane, p(x)=const. Ap is the neutron contrast. S(q)
is structure factor of the vesicle population. For the used lipid con-
centrations 1% (w/w) this factor is S(q) ~ 1 [27].

The average vesicle radius R can be calculated from the scat-
tering curve based on Eq. (2) as R=7/qR min, Where gg min is the
first minimum in the form factor of infinitely thin spheres after
averaging the population of polydisperse vesicles [23,28].

The membrane thickness parameter d can be directly calculated
from the position qg of the first minimum of the sine function in
Eq.(3) as q=27/qq min. For a membrane thickness of about 30 A, the
position of qq i, is about 0.2 A-1 [28].

Another possibility to calculate the membrane thickness from a
scattering curve is given by the GA [24-26]. In the q range valid for
a homogeneous membrane approximation, the scattering intensity
of ULVs dispersed in heavy water can be given by

1(q) = 271(0)q~2 exp(—q>R?) (4)

where I(0) is scattering to ‘zero angle’ and R, is membrane gyration
radius. In this approach, the R; parameter is the absolute value of
the slope of the Kratky-Porod plot (In[I(q)q%] versus g2) and the
membrane thickness parameter, dg, can be calculated as

dy = 12R? (5)

I(0) cannot be measured experimentally, but it can be deter-
mined by extrapolation of the Kratky-Porod plot to zero. The value
of I(0) is given by the total particle scattering-length, namely, by
the sum of the scattering-lengths of all atoms inside the particle.
Therefore, the chemical composition being known, the evaluation
of I(0) allows the molecular mass per unit of vesicle surface to be
determined [25,29]. In the limit of g — 0, the mass of the mem-
brane per unit of surface, Ms, can be determined by dividing the

scattered intensity I(0) by the total lipid concentration c and the
average scattering-length density per unit mass, A pr, according to

1(0) = MscAp2, (6)

The membrane area per molecule, A, in centrosymmetric bilayers
can be calculated by

2

A= MoNa/Miw @
where My is the average molecular weight of the lipids, M the
determined membrane mass per unit of surface and N the Avo-
gadro number. In the present study, a four-component system
is investigated. As it is not possible to determine the area per
molecule for each component in the system, a term ‘average area
per molecule’ is introduced.

Average volume per molecule in the membrane, V, has been cal-
culated by multiplying the average area per molecule by half of
the membrane thickness parameter [30]. Consequently, the average
membrane density, pm, in g/cm3 has been determined by dividing
V by the average weight of one molecule in the membrane, Myy. My
has been calculated separately for every CHOL concentration and
the weight ratio of the individual components was remained the
same.

2.6. Molecular modelling

In order to determine the average excess scattering-length
density per unit mass, the molecular volumes were calculated.
Quantum-chemical calculations were run on a PC computer using
software HyperChem for Windows v. 7.1, Hypercube Inc. The mod-
els of compounds were formed on RHF/AM1 level. We used the
conformation of Cer[AP] with parallel aliphatic chains calculated
as described previously [31]. Solvent accessible volumes, Vsp, of
models of studied compounds were calculated by the grid method
[32] using the atomic radii of Gavezzotti [33]. The solvent probe
radius 0.4 A and 20 points on the cube side were used.

3. Results
3.1. Small-angle X-ray diffraction from MLVs

Fig. 2 shows the diffraction patterns of the SC lipid model MLVs
with 10 and 25% CHOL (mixtures I and IV, respectively) measured
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Fig. 2. X-ray diffraction patterns from the systems with 25 and 10% CHOL measured
3 h after the sample preparation.
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immediately after the preparation. The samples show only one
diffraction peak at 0.137 A for 25% CHOL and 0.131 A for 10% CHOL,
which indicates one phase with the lamellar repeat distance of 45.9
and 48.0 A, respectively.

The diffraction patterns of the SC lipid model systems measured
by synchrotron radiation, 10 days after the sample preparation with
various CHOL concentrations are given in Fig. 3a—c. The obtained
results are summarized in Table 2.

At 32°C before heating, the diffractograms are quite complex
(Fig. 3a). For the purpose of clarity, we have called this state ‘state
o’. The positions of the diffraction peaks indicate that the systems
are separated into two lamellar phases, namely a ‘short’ one (the S-
phase) with the lamellar repeat distance of about 42 A and a ‘long’
one (the L-phase) with the lamellar repeat distance of about 47 A.
Both phases induce three diffraction orders in the diffractograms.
Itis apparent in Fig. 4 that with increasing CHOL content from 10 to
30% the calculated periodicity of the L-phase increases slightly from
46.7+0.2 to 47.5+0.2 A, whereas the periodicity of the S-phase
remains almost unchanged.

In all the samples, a small peak is detectable at 0.187A-1.
This peak position corresponds to a repeat distance of 33.6 0.1 A
and was assigned to crystalline CHOL monohydrate [34]. The
peak intensity increases with the increasing concentration of
CHOL in the mixture, while the position is constant. In the
diffractograms of the samples with 25 and 30% CHOL, even
more diffraction orders of crystalline CHOL monohydrate are
detectable.

When the systems are heated to 85°C (state 3), the S- and L-
phases merge into one phase, the repeat distance of which increases
with the CHOL content from 41.8 +£0.2 A for the sample with 10%
CHOL to 42.8 + 0.2 A for the sample with 30% CHOL (Figs. 3b and 4).
Considering the peak at 0.187 A~1, a small amount of crystalline
CHOL is still present, particularly in the samples with higher CHOL
concentrations.

When the samples are cooled back to 32 °C, they show only one
lamellar phase (state 8). This phase is strongly affected by the con-
centration of CHOL in the system. The periodicity decreases almost
linearly with increasing CHOL concentration from 47.6 +0.2 A for
10% CHOL to 44.9 +0.2 A for 30% CHOL (Figs. 3¢ and 4). The peak
belonging to crystalline CHOL is weak yet observable, especially in
the samples with higher CHOL content.

The recovery of the system with 25% CHOL (mixture IV) into
the initial state a has been studied further. Fig. 5 shows the X-
ray diffraction patterns of the sample measured 20 min, 1 day,
and 10 days after the heating. Twenty minutes after the heat-
ing, there is one diffraction peak at 0.138 A~1, which indicates
one phase with 45.5A. One day later, the sample still shows only
one peak at 0.136 A-! which corresponds to the D-value of 46.2 A.
The diffractogram measured 10 days after the heating shows two
peaks indicating the phase separation into the S- and L-phases with
41,9 and 47.3 A, respectively, and the peak of crystalline CHOL at
33.6A.

3.2. Characterization of ULVs

The HPTLC analysis of the lipids in the ULV and MLV samples
confirms that the substances are stable during the sample prepa-
ration and shows that the CHOL content was slightly reduced after
the extrusion. The concentration of CHOL in the ULVs is given in
brackets in Table 1. The difference in the proportions of the other
lipids in MLVs and ULVs was negligible.

According to DLS studies, all the ULV samples showed a
monomodal population with a hydrodynamic radius between
550 and 650A and a polydispersity of about 30%. Fig. 6 shows
the size distribution of the sample with 25% CHOL (mixture
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Fig. 3. X-ray diffraction patterns of the SC lipid model system with various choles-
terol concentrations; 20% of lipids in Tris buffer (pH 9) in (a) state o (32 °C before
heating), (b) state B (85°C), and (c) state & (32°C after heating). From bottom to
top: (i) 10% cholesterol, (ii) 15% cholesterol, (iii) 20% cholesterol, (iv) 25% choles-
terol, and (v) 30% cholesterol. The Arabic numerals label the particular reflections
of the S-phase; the Roman numerals label the particular reflections of the L-phase;
the asterisks label the cholesterol reflections.

IV). No influence of CHOL concentration in the system on the
hydrodynamic radius and the polydispersity was found. The
ULVs were stable for at least 7 days at pH 9 and laboratory
temperature.
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Table 2

Lamellar repeat distances calculated from the X-ray diffraction patterns for the mixtures [-V

Sample (cholesterol content)

Lamellar repeat distance (A) (reflections (A-1))

32°C before heating (state o)

85°C (state B) 32°C after heating (state d)

Mixture I (10%) 33.6 (I: 0.187)
41.7 (1: 0.151; II: 0.306; I1I: 0.453)

46.7 A (1: 0.135; II: 0.272; I1I: 0.405)

33.6 (1: 0.187)
41.8 (I: 0.150; II: 0.309; III: 0.454)
47.0 (1: 0.134; 11: 0.267; 11I: 0.405)

33.6 (1: 0.187)
41.9 (1: 0.150; 11: 0.304; III: 0.454)
47.2 (1: 0.133; 1I: 0.265; 111: 0.404)

Mixture II (15%)

Mixture III (20%)

41.8 (1: 0.150; I11: 0.451) 47.6 A (I: 0.132; I1I: 0.397)

33.6 (1: 0.187)
42.3 (I: 0.149; III: 0.446)

33.6(1: 0.187)
46.9 (I: 0.134; III: 0.403)

33.6 (1: 0.187)
42.7 (1: 0.147; 1II: 0.441)

33.6 (I: 0.187)
46.3 (I: 0.136; I1I: 0.408)

Mixture IV (25%) 33.6 (I: 0.187; II: 0.370) 33.6 (I: 0.187) 33.6 (1: 0.187)
41.9 (I: 0.150; III: 0.455) 42.7 (I: 0.147; 1II: 0.441) 45.5 (1: 0.138; II: 0.413)
47.3 (1: 0.133; I1I: 0.396)
Mixture V (30%) 33.6 (I: 0.187; II: 0.370) 33.6 (I: 0.187) 33.6 (1: 0.187)
41.9 (I: 0.150; I1: 0.306; III: 0.455) 42.8 (I: 0.147; 1II: 0.439) 44.9 (I: 0.140 A; I1I: 0.419)
47.5A (I: 0.132; II: 0.263; I1I: 0.394)
The Roman numerals in brackets describe the particular reflections.
3.3. Molecular modelling and the average scattering-length 40000
density calculation ]
35000

The solvent accessible volumes (Vsp) were calculated for
Cer[AP], CS, CHOL, and palmitic acid. The Vsa-values amount to
990.59 and 666.86 A3 for Cer[AP] and CS, respectively. The volumes
of CHOL and palmitic acid are 617.12 and 450.27 A3, respectively,
which is comparable with literature data obtained from volumetric
measurements [35,36].

The average excess scattering-length density per unit mass
(Apm) of the lipid mixtures in D,0 was determined from the
known chemical composition [37]. The calculated values are listed
in Table 3.

3.4. Small-angle neutron scattering from ULVs

Fig. 7a shows the neutron scattering curves of the ULVs with
various CHOL concentrations. No diffraction peak of a multi- or
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Fig. 4. Lamellar repeat distance of the SC lipid model system with various choles-
terol concentrations measured in state a at 32 °C before heating (filled triangles),
state (3 at 85°C (partly filled circles), and state d at 32 °C after heating (open squares).
The repeat distance was calculated using a Lorentzian function to fit the first order
of diffraction.
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Fig.5. Recovery of the system with 25% CHOL (mixture IV) into the phase-separated
state. From bottom to top: system measured (i) 20 min after the heating, (ii) 1 day
after the heating, and (iii) 10 days after the heating (the samples were incubated at
5°C during this time).
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Fig. 6. The size distribution of the mixture IV (25% cholesterol); 1% (w/w) of lipids
in D,0 buffer extruded through 500 A filters.
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The average excess scattering-length density (A pn) of the lipid mixtures in D,O
calculated per 1g of lipids

Mixture Apm x 100 (cmg1)
[(10% CHOL) —6.198
11 (15% CHOL) —6.189
IV (25% CHOL) —6.170
V (30% CHOL) ~6.159

oligolamellar arrangement or of crystalline CHOL, as in the case
of MLVs, is present.

The minimum of the membrane thickness, g4 min, is distinct at
about 0.18 A-1 and shifts its position to higher g-values with the
increasing CHOL content. The membrane thickness parameters, d,
calculated from the minimum qq qi, according to the MSFF with an
accuracy of 5% amount to 36.9, 36.4, 35.3, and 34.6 A for mixture I
(9% CHOL after extrusion), I (14% CHOL), IV (20% CHOL), and V (27%
CHOL), respectively (Fig. 8a).

The Kratky-Porod plots of the measured scattering curves
(Fig. 7b) show a linear range between 0.06 and 0.14 A~1. The slopes
of the plots, which correspond to the square of the radius of
gyration, decrease with increasing concentration of CHOL in the
samples. The membrane thickness parameters, dg, calculated from
the Rg values show the same tendency and amount to 38.7 +0.8,
38.2+0.8, 35.3+0.7, and 33.9+0.7 A for mixture I, II, IV, and V,
respectively (Fig. 8a).

The average area per molecule of the membrane surface, A, has
been calculated from the I(0) values and the average scattering-
length density of the lipid mixtures, as described in Section 2.5.
The determined values are 55.2, 57.3, 61.7, and 68.1 A2 for mix-
ture [ (9% CHOL), 11 (14% CHOL), IV (20% CHOL), and V (27% CHOL),
respectively. Because the molar volumes were determined by the
molecular modelling and not by real measurements, a statistical
error can affect the results; however, the tendency of the increas-
ing CHOL concentration to increase the area per molecule of the
membrane surface is obvious (Fig. 8b).

The average volume per molecule in the membrane, V, has been
determined from the average area and the membrane thickness
parameter. The values calculated from d according to the MSFF are
1018.4, 1042.9, 1089.0, and 1178.1 A3 for mixtures I (9% CHOL), II
(14% CHOL), IV (20% CHOL), and V (27% CHOL), respectively. For the
same samples, the V-values obtained from dg according to the GA
are 1068.1, 1094.4, 1089.0, and 1154.3 A3, respectively (Fig. 8c).
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The obtained V-values enabled us to calculate the average mem-
brane density, pm. Again two data sets have been acquired. For
mixtures I, II, IV, and V, the py, values are 0.829, 0.799, 0.744,
and 0.678 g/cm3 according to the MSFF, and 0.791, 0.761, 0.744,
0.693 g/cm?3 according to the GA, respectively (Fig. 8d).

The minimum, ggmi,, related to the average vesicle radius
[28,38], is difficult to observe only for mixture I at 0.008 A~! which
agrees with the vesicle radius of about 400 A (Fig. 7a). No minimum
can be detected in the SANS curves from other samples.

The data obtained from the SANS measurements are summa-
rized in Table 4.

4. Discussion

This study introduces SANS on ULVs into the characterization
methods of the SC lipid membranes. In order to carry out these
measurements successfully, it was important to prepare stable
unilamellar vesicles of a SC lipid model system. The composition
was chosen according to previous studies showing that to cre-
ate stable ULVs, high pH of the environment is required [18,39].
Unlike pH values close to human skin, at pH 9, the charged
components (palmitic acid and CS in the present system) are
mainly ionized [40]. As a result, vesicles can be extruded with-
out a considerable loss of lipids. Contrary to ULVs prepared at
pH 6, vesicles prepared at pH 9 have been found to be stable for
4-6 weeks [18]. A decrease in pH to 6 activated vesicle fusion
and lysis [41]. For comparison, in human SC there is a contin-
ual pH gradient between pH 5 and 7 [42]. Consequently, the
degree of ionisation of the fatty acids also varies across the SC
[40].

Since the SANS measurements take quite a long time (several
days), stable ULVs are needed. For this reason, samples with high pH
values in the environment were used in our experiments. Of course,
the pH difference between the prepared model membranes and the
native SC must be taken into consideration while interpreting the
results. Nevertheless, this compromise enabled us to apply SANS
and to employ the ‘model of separated form factors’ and the Guinier
approximation to characterize the internal membrane structure.

The minimum at gg i, related to the average vesicle radius,
which is normally noticeable in SANS curves of phospholipid vesi-
cles [28,38], can barely be detected at 10% CHOL. The vesicle radius
was determined to be about 400A. The fact that the minimum
is only poorly distinguishable suggests high polydispersity of the
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Fig. 7. (a) Neutron scattering curves of the SC lipid model system with various cholesterol concentrations. The dashed line is a guide to the eye in order to emphasize the
shift in the g4 min position. From bottom to top: 10% cholesterol (filled squares), 15% cholesterol (open circles), 25% cholesterol (filled triangles), and 30% cholesterol (open
triangles). (b) The corresponding Kratky-Porod plots of the SANS curves (legend: as (a)).
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Fig. 8. (a) Membrane thickness parameter of the SC lipid model system vs. cholesterol concentration calculated from the scattering curves as d according to the MSFF (filled
squares) and dg according to the GA (open circles). (b) Average area of membrane surface per molecule vs. cholesterol concentration. (c) Average volume per molecule in
the membrane vs. cholesterol concentration calculated from the values obtained by MSFF (filled squares) and by GA (open triangles). (d) Average membrane density vs.
cholesterol concentration calculated from the values obtained by MSFF (filled squares) and by GA (open circles).

sample. The absence of the minimum in the other curves can also
indicate, apart from the high polydispersity, that the vesicle radii
of the SC lipid ULVs are larger than the detection limit of the SANS
measurements (about 550 A).

The SAXD measurements have been carried out in three differ-
ent states of the system at 32 °C (the temperature of human skin)
and 85°C. According to differential scanning calorimetry (DSC)
(Appendix A), the main phase transition of all the samples can be
found in the range between 40 and 80°C and broadens with the
increasing CHOL concentration in the system. Thus, in the present
experiments, the samples were measured below, over, and again
below the main phase transition.

Table 4

Immediately after the preparation, the MLVs show one phase
with the lamellar repeat distance of 45.9 and 48.0 A for 25 and 10%
CHOL, respectively. The components are mixed at the molecular
level. This state is not stable for a long-time period and corresponds
to the state  arising after heating (Fig. 9).

The measurements carried out 10 days after the sample prepa-
ration indicate that the lipids separated into three phases (state
).

When the system is then heated over the main phase transi-
tion to 85°C, only one phase is observable again, but the repeat
distances, D, are different from the D-values detected immediately
after the preparation (state [3).

Membrane parameters of the SC lipid model systems in dependence of cholesterol concentration calculated from the scattering curves according to the ‘model of separated

form factors’ and the Guinier approximation

Evaluation method Model of separated form factors

Guinier approximation

qd min (Ail) d (A) V(A3) P (g/crrl3) Ré (AZ) dg (A) A (AZ) Vg (A3) Pg (g/crrl3)
System
1(10/8.6)* 0.170 + 0.009 369 £ 1.9 1018.4 0.829 124.7 £ 2.5 38.7 £ 0.8 55.2 1068.1 0.791
11(15/14.2)2 0.172 + 0.009 364 + 1.8 1042.9 0.799 1213 £ 24 382 +£0.8 573 1094.4 0.761
IV (25/21.6)* 0.178 + 0.009 353+ 18 1089.0 0.744 103.7 £ 2.1 353 +£0.7 61.7 1089.0 0.744
V(30/27)? 0.181 £ 0.009 346 £ 1.7 1178.1 0.678 95.5 £ 1.9 339+ 0.7 68.1 1154.3 0.693

qd min: Membrane thickness minimum; d: membrane thickness parameter calculated from the qq min position; V: average membrane volume per molecule calculated from A
and d; p: average membrane density calculated from V; Rg: gyration radius; dg: membrane thickness parameter calculated from the Rg-values; A: average area per molecule
of the membrane surface; Vy: average membrane volume per molecule calculated from A and dg; pg: average membrane density calculated from V.

2 % of cholesterol before and after extrusion.



J. Zbytovskd et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 328 (2008) 90-99 97

preparation
state &
ten days
heating
state o
state B
cooling

Fig. 9. A schematic depiction of the phase behaviour of the SC lipid model system.

When the systems are cooled back to 32 °C, they appear in the
mixed state § again.

In the following, we will focus more carefully on the individual
states.

The state o

As mentioned above, in the state «, three phases with the repeat
distances of approximately 33.6, 42, and 47 A are present in the
system. The phase with a stable repeat distance of 33.6A at all
CHOL concentrations has been assigned to CHOL separated into
CHOL monohydrate crystals [34]. Such phase separation of CHOL
was described previously not only in the phospholipid membranes
but also in the native SC and SC lipid model membranes [43,44].

As it was described earlier, ceramides and free fatty acids can
phase separate in a system of SC lipids [6]. A similar phase sep-
aration probably occurs in the state « of our systems. The repeat
distance of the L-phase agrees with D-values obtained for a palmitic
acid/CHOL system at high pH as described by Quimet et al. [45].
These authors even showed that with increasing CHOL concentra-
tion in the palmitic acid/CHOL system, the lamellar repeat distance
slightly increases. As can be seen in Fig. 4, a similar effect can also
be observed for the L-phase of the present system suggesting that
the L-phase consists mainly of the separated palmitic acid and a
part of CHOL.

The effect of the phase separation between fatty acids and
ceramides in the SC lipid systems has been interpreted by the mis-
match in their chain lengths [46]. In our system, however, the chain
length of the ceramide used is comparable with the chain length of
palmitic acid.

Considering the L-phase consists of palmitic acid/CHOL, the S-
phase must consist mainly of Cer[AP]. However, the repeat distance
of 41.9 does not fully correspond with the values obtained for pure
Cer[AP] [47]. It can be caused by the fact that in our case a small
amount of CHOL is also present in the S-phase.

To confirm the assumption that the L-phase consists mainly of
palmitic acid and the S-phase of Cer[AP], further studies are in
progress.

The state B

Upon heating the phase-separated a-state to 85 °C, the lipids
mix and only one phase is detected. This phase is affected by the
CHOL concentration in the system. With the increasing CHOL con-

tent, the repeat distance increases. The increase in the periodicity
can be caused by the increase either in the water layer between
the membranes or in the membrane thickness. As the water layer
between the membranes was described to be extremely thin (0.8 A)
and only a minimal difference in the water layer was detected
between 60 and 99% hydration for this SClipid system[16] it is likely
that the increasing periodicity is induced mainly by the increasing
membrane thickness.

This statement is also in agreement with the generally accepted
hypothesis for phospholipid membranes showing that CHOL tends
to increase the thickness and decrease the fluidity and permeabil-
ity of the lipid bilayers in the fluid phase [48-50]. The effect can
be explained taking into account that CHOL increases the confor-
mational order of the hydrocarbon chains of the other lipids, which
causes the chain mobility and the membrane fluidity to decrease.

The state &

After cooling the system back, the components remain mixed
and only one phase is observable. The lamellar repeat distance of
this phase is close to that described for the same system at lower
pH [16] confirming the reliability of our system using higher pH.
Therefore, we consider that the 3-state is the most similar to native
SC.

The lamellar repeat distance in the d-state shows a high sensi-
tivity to the CHOL amount in the membrane. In the concentration
range used, the periodicity decreases with increasing CHOL content
in the system. This dependence seems to have a linear tendency. The
effect of CHOL on the membrane in this state can be interpreted in
several ways or, of course, a combination of them:

(1) CHOL increases the tilt angle with respect to the base plane of
the membrane. Besides the decreasing D-values with the increasing
CHOL amount in the membrane, the decreasing membrane thick-
ness and the increasing average membrane area detected by SANS
should be concomitant effects when the tilt angle increases [51].(2)
CHOL decreases the order of the hydrocarbon chains of the participat-
ing lipids. Consequently, the increased fluidity of the chains can be
the reason for the decreasing D-values. The finding that the area per
molecule of the membrane surface increases with the increasing
CHOL concentration in the system can also support this view. The
increasing area/molecule of the membrane surface indicates that
the intermolecular interactions between the particular lipids (H-
bonds in the head group region) weaken, which is again connected
with the increase in the membrane fluidity. It was published for
phospholipids that CHOL evokes a similar increase in area/molecule
in the gel phase, which causes an increase in diffusion coefficient
through the membranes [48]. The increase in the average volume
per molecule, which we have detected by SANS, suggests a pos-
sible decrease in the chain order of the lipids as well. Clear proof
that CHOL induces the decrease in the lipid chain order and thereby
increases the membrane fluidity, however, is the decreasing mem-
brane density evoked by CHOL (Fig. 8d).

The difference between the lamellar repeat distances and the
membrane thickness parameter is not caused by the water layer
between the membranes as one could suppose, but by the fact
that the membrane thickness parameter mostly describes only
that region of the membrane where no D,0 penetration exists; it
means the hydrophobic part of the membrane—the hydrocarbon
core region.

According to Small [52], it is possible to calculate the theoretical
hydrocarbon chain length in the all-trans (most rigid) conforma-
tion. Calculating the theoretical length of the longest chain in the
present mixture (the stearoyl-chain in Cer[AP]), one obtains a value
of 22.9 A per chain. Adding up these two values, the thickness of
the hydrocarbon chain part of the membrane should be 45.8 A.
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There appears to be a large difference between this theoretical value
and the d or dg values obtained by SANS. This difference can be
attributed to the tilting of the hydrocarbon chains to the base plane
of the membrane at an angle 8. Moreover, a partial interdigitation
of the stearoyl chains in the membrane centre is very probable,
because various chain lengths are present in the membrane.

In summary, for phospholipids, it was described that the addi-
tion of CHOL restricts the motion of lipids and condenses the
membranes above the main phase transition temperature and,
on the contrary, fluidises the membranes below the temperature
[53,54]. The aforesaid results show a similar effect of CHOL on the
SC model lipid membrane consisting mainly of ceramides with no
phospholipids. In the case of phospholipid membranes, this effect
has been explained by CHOL dual act of inducing high conforma-
tional order in the lipid chains and, simultaneously, breaking the
lateral packing order of the lipid molecules. As a result, CHOL facili-
tates formation of the liquid ordered phase in phospholipid bilayers
[50,55]. Possibly, CHOL can influence the SC lipid membranes in a
similar way. This assumption, however, requires further investiga-
tions.

In conclusion, the result of this study that CHOL decreases the
order and increases the fluidity of the SC lipid membranes at 32 °C,
which is the temperature of the human skin, is of special impor-
tance in RXLI. Therefore, the role of CHOL in the SC lipid membranes
must be taken into consideration in the studies of RXLI pathophys-
iology.

5. Conclusions

The influence of CHOL on the structure of a model SC lipid
membrane was studied. Besides X-ray diffraction, SANS on ULVs
was newly applied. This technique enabled us to determine the
membrane thickness parameter, area of the membrane surface,
membrane volume per molecule, and membrane density. The
present data support the hypothesis that CHOL decreases the order
of the well-ordered hydrocarbon chains in the state below the main
phase transition and otherwise increases the chain order in the
state above the main phase transition in a SC lipid membrane.
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