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Abstract The outermost epidermal layer, the stratum

corneum (SC), is the main skin barrier. Studies of SC

model systems enable characterization of the influence of

individual lipids on the organization of the SC lipid matrix,

which is the main pathway of water through the skin. This

work presents a neutron diffraction study of the SC model

membranes based on short-chain ceramide 6 with nearly

realistic composition of free fatty acids (FFA) at physio-

logical temperature of the SC. The influence of FFA and

the effect of cholesterol–cholesterol sulfate substitution on

the structure and hydration of the SC model membranes are

described. The structure of the SC membrane with FFA is

close to the structure of the earlier studied SC membrane

based on short-chain palmitic acid (PA) and does not vary

significantly under changes of the ratio of the main mem-

brane components. FFA accelerates membrane swelling at

the same low level of hydration of both PA- and FFA-

containing membranes. The substitution of cholesterol

sulfate by cholesterol in the membrane composition

decreases membrane swelling and leads to phase separation

in the model system.
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Abbreviations

CER6 N-(a-hydroxyoctadecanoyl)-phytosphingosine

PA Palmitic acid

Ch Cholesterol

ChS Cholesterol sulfate

Introduction

The outer protective layer of mammalian skin, the stratum

corneum (SC), plays a key role as a barrier to penetration

of molecules through the skin and prevents water loss. SC

structure can be roughly described by the ‘‘bricks and

mortar’’ model, in which horny cells (corneocytes) are

embedded in a lamellar lipid matrix. The corneocytes

correspond to the bricks while the lipids fill the intercel-

lular space like mortar. The major components of the SC

lipid matrix are: ceramides, fatty acids, cholesterol, and

cholesterol esters (Lampe et al. 1983; Robson et al. 1994).

Ceramides account for approximately 50% of the total SC

lipid mass. Human SC includes nine structurally hetero-

geneous types of ceramide, termed CER1 to CER9. Cho-

lesterol represents about 25% of the lipids, and free fatty

acids amount to about 10% of the lipid mass. The most

abundant free fatty acids are saturated long-chain C22 and

C24 acids. There are small proportions of cholesterol

derivatives, but phospholipids are absent.
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In accordance with modern thinking, the SC lipid matrix

is the main pathway for water diffusion through the skin. In

this way, the SC barrier is determined by the nature of the

intercellular lipids. For this reason many investigations of

SC organization have been performed over the last

40 years with the purpose of determining the role of each

type of lipid in the formation of the SC lipid matrix and its

properties. Freeze-fracture electron microscopy shows that

the intercellular lipids are organized in lamellae sheets with

periodicity of approximately 110–140 Å (Breathnach et al.

1973). The repeating unit of about 130 Å consisting of a

broad-narrow-broad sequence was first detected in the

lamellar organization of mouse SC by electron microscopy

(Madison et al. 1987). Further X-ray diffraction investi-

gations of mammalian SC revealed the presence of two

lamellar phases with periodicities of approximately 64 Å

(short-periodicity phase) and 130 Å (long-periodicity

phase) (White et al. 1988; Bouwstra et al. 1991). The long-

periodicity phase was also observed in lipid suspension

containing a mixture of the main SC lipid components

and depended on the presence of particular ceramides

(McIntosh et al. 1996). Bouwstra and co-workers proposed

the so-called sandwich model of the SC matrix, where the

long-chain CER1 and CER4 molecules play a crucial role

in the formation of the long-periodicity phase (Bouwstra

et al. 2000). However, an increase in water content in

native SC leads to the disappearance of the 130-Å lamellar

phase. This 130 Å lamellar repeat distance was not con-

firmed in other X-ray diffraction studies (Garson et al.

1991) or neutron diffraction studies of hydrated porcine SC

(Charalambopoulou et al. 2002). The long-periodicity

phase of 130 Å was not observed in neutron diffraction

experiments with the SC model lipid membrane with long-

chain ceramide either (Kessner et al. 2008).

In comparison with the viable epidermis, a low degree of

hydration is a characteristic feature of SC. It is well known

that SC intercellular lipids play an essential role in water-

holding capacity and prevention of transepidermal water

loss (Elias 1983). Although the exact mechanism of SC

swelling is not clear, the general description of it was given

in previous studies. Small-angle neutron scattering (SANS)

investigation of porcine SC, at water content below 16%,

reveals that water is absorbed by the intercellular region and

that water uptake is very small. At relative humidity

between 16% and 84%, water is also absorbed by corneo-

cytes. As relative humidity increases to full hydration, most

water is taken up by corneocytes (Charalambopoulou et al.

1998). Norlen and coworkers proposed that, in fully

hydrated SC, the intercellular lipids prevent attraction

between the adjacent corneocytes and thereby control the

swelling of the whole system (Norlén et al. 1997).

Previous investigations have shown that both neutron

and X-ray diffraction are the most powerful techniques for

analysis of model systems simulating native SC lipids

isolated from native SC (Bouwstra et al. 1996) and syn-

thetic lipid mixtures (McIntosh 2003; Jager et al. 2004).

Diffraction methods allow the characterization of the

internal membrane structure via analysis of the scattering

length density distribution across the bilayer calculated

from the Fourier transform of the diffraction pattern.

However, model membrane with complexes of ceramides

is often an inhomogeneous system and therefore is inap-

propriate for characterization by this method. Diffraction

patterns from native SC often do not contain enough Bragg

reflections for analysis of the scattering length density

distribution recovered from it (Charalambopoulou et al.

2002). Application of neutron diffraction with Fourier

profile analysis is a very effective technique for investi-

gation of model SC lipid membranes with individual

ceramides. In particular, it has been established that a

model SC lipid membrane based on CER6 and palmitic

acid is characterized by a low level of hydration of the

interbilayer space and considerably slower process of water

diffusion through it in comparison with phospholipid

membranes (Kiselev et al. 2005). To explain these mem-

brane features, a hypothesis of armature reinforcement of

the lipid matrix due to the fully extended (FE) conforma-

tion of ceramide 6 molecules pulling together neighboring

bilayers has been suggested (Kiselev 2007). Recently

the influence of the chain length of free fatty acids on

CER6-based SC model membranes has been examined

(Ruettinger et al. 2008). An increase in the chain length of

the fatty acids does not lead to alteration of the internal

nanostructure but decreases the membrane repeat distance

from 45.6 Å (palmitic acid, C16:0) to 43.7 Å (cerotic acid,

C26:0) due to partial interdigitation of the fatty acid chains.

Free fatty acids with longer chains tend to form a separate

so-called fatty-acid-rich phase. Using small-angle X-ray

diffraction on multilamellar vesicle and SANS on unila-

mellar vesicle, the influence of cholesterol on the model

membrane consisting of four SC lipids at different states

has been investigated (Zbytovska et al. 2008). An increase

in cholesterol concentration in the membrane causes a

decrease in the order of the hydrocarbon chains and

enhances the fluidity of the SC lipid membranes at 32�C. In

spite of its low concentration (about 2% w/w of the SC

lipids), cholesterol sulfate (ChS) plays a significant role in

several skin processes such as keratinocyte differentiation,

desquamation, and cholesterol metabolism (Elias et al.

2008; Strott and Higashi 2003). Furthermore, intercellular

cohesion in SC is associated with the presence of ChS. A

reduction in ChS content decreases the stabilization of the

lamellar phase in deep layers of the SC. The presence of

ChS promotes the solubility of cholesterol and thereby

reduces the formation of cholesterol crystalline domains in

SC model mixtures (Bouwstra et al. 1999). It is significant
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that the influence of ChS on SC lipid organization and its

barrier properties often depends on Ch levels. For example,

in diseased skin of patients with recessive X-linked ich-

thyosis, abnormalities in cholesterol–cholesterol sulfate

ratio in the lipid composition are observed (Williams and

Elias 1981). Both a tenfold increase in ChS content and a

50% reduction in Ch are assumed to be responsible for

abnormal barrier function in recessive X-linked ichthyosis

(Zettersten et al. 1998). Although there are several studies

focusing on the role of ChS in SC, little is known about its

influence on hydration of SC.

This work is part of a systematical study of SC model

membranes with individual short-chain ceramides by

means of neutron diffraction. In our previous studies CER6

was chosen among six types of short-chain ceramides

present in human SC (Kiselev et al. 2005). In the work

described herein we studied the influence of a realistic

mixture of free fatty acids (FFA) on the structure and

hydration of SC model membranes. We used a mixture of

different free fatty acids similar to that in the native SC

composition, which includes palmitic acid, stearic acid,

arachidic acid, behenic acid, lignoceric acid, and cerotic

acid in molar ratio of 1.3/3.3/6.8/42.0/36.2/6.7 (Bouwstra

et al. 1998). Although CER6 is a minor component of SC

ceramides, we proceeded to use it to compare the systems

based on FFA with membranes comprising only palmitic

acid. To characterize the effect of cholesterol–cholesterol

sulfate substitution on hydration of SC model membranes

with CER6, we studied the kinetics of swelling of two

samples with different cholesterol–cholesterol sulfate

ratios.

Materials and methods

Sample preparation

N-(a-hydroxyoctadecanoyl)-phytosphingosine (CER6) was

a gift from Cosmoferm (Delft, The Netherlands). Choles-

terol (Ch), cholesterol sulfate (ChS), palmitic acid (PA),

stearic acid (SA), arachidic acid (AA), behenic acid (BA),

lignoceric acid (LA), and cerotic acid (CA) were purchased

from Sigma–Aldrich (Russia). Quartz plates were pur-

chased from Spectrosil 2000, Saint-Gobain (Germany).

The quaternary system CER6/Ch/FFA/ChS with three

different component ratios (55/20/15/10, 66/10/18/6, and

60/20/15/5) was prepared. The proportions of lipid com-

ponents were chosen to be the same as in previously

investigated membranes with only palmitic acid (Kiselev

et al. 2005).

To obtain the free fatty acid composition, palmitic acid

(C16:0), stearic acid (C18:0), arachidic acid (C20:0),

behenic acid (C22:0), lignoceric acid (C24:0), and cerotic

acid (C26:0) were mixed in molar ratio of 1.3/3.3/6.7/41.7/

36/6.7. The chemical structure of the free fatty acid mol-

ecules with the shortest (palmitic acid) and longest carbon

chains (cerotic acid), ceramide 6, cholesterol, and choles-

terol sulfate molecules are shown in Fig. 1. Appropriate

mixtures of lipids were dissolved in chloroform/methanol

(2/1 w/w) at concentration of 10 mg/ml. To prepare the

samples, 3 g of solution was spread over a 6.4 cm 9

2.5 cm quartz plate. The thickness of the lipid film on the

quartz slide was t = 18.8 lm. To prepare a sample for the

kinetic experiment, 1.8 g of solution was spread over a

6.4 cm 9 1.4 cm quartz plate.

The samples were dried on a warm plate (&40�C) and

were then placed in a vacuum desiccator to remove

remaining solvent. Samples were heated in horizontal ori-

entation at 80�C during 30 min. This annealing step was

applied to decrease the mosaicity of the samples and

thereby improve their scattering ability. After annealing,

samples were gradually cooled to room temperature and

hydrated for 3 h with water vapor at 100% relative

humidity.

Neutron diffraction experiments

Neutron diffraction experiments on the oriented sample

were carried out on the V1 membrane diffractometer at the

Berlin Neutron Scattering Centre of the Helmholtz Center

Fig. 1 Chemical structure of

ceramide 6, cholesterol,

cholesterol sulfate, and the fatty

acid (palmitic and cerotic)

molecules
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Berlin for Materials and Energy (Berlin, Germany). A

diffraction pattern was obtained by rocking the sample at

different fixed angles of the two-dimensional position-

sensitive 3He detector (20 9 20 cm2 area, 1.5 9 1.5 mm2

spatial resolution). The neutron wavelength k and sample-

to-detector distance were 5.23 Å and 102.38 cm,

respectively.

Multilamellar membranes CER6/Ch/FFA/ChS with

component mass ratio of 55/20/15/10, 66/10/18/6, and 60/

20/15/5 were characterized by neutron diffraction at 57%

relative humidity (RH), which was maintained by saturated

NaBr salt solution. Before each measurement, samples

were equilibrated for 24 h in a chamber with water vapor at

fixed temperature.

Data analysis

Neutron diffraction gives insight into the internal nano-

structure via analysis of the scattering length density dis-

tribution q(z) across the bilayer, calculated by Fourier

transform of the diffraction pattern (Worcester and Franks

1976; Schoenborn 1976; Bueldt et al. 1978). In case of

lamellar diffraction, when the structure factors are mea-

sured only along the direction perpendicular to the mem-

brane surface, one can obtain a projection of the scattering

length density distribution onto this direction (normally

termed the Fourier profile):

qðzÞ ¼
ZZ

qðx; y; zÞdxdy ¼ aþ b
Xhmax

h¼1

Fh cos
2phz

d

� �
: ð1Þ

The absolute values of the structure factors |Fh| =

(Ih/LAh)1/2 were calculated from the scattering intensity of

the diffraction peak Ih and corrected for the Lorentz factor

L = 1/sin 2hh for rotating oriented membrane in case of a

monochromatic neutron beam. Here h is the order of

diffraction peak. The absorption correction was taken into

account as the absorption coefficient Ah:

Ah ¼
sin hh

2lt
� 1� exp � 2lt

sin hh

� �� �
:

Here l is the linear absorption coefficient and t is the

thickness of a sample. The absorption coefficient of matter

is calculated as qNA

M rabs þ rscattð Þ, where NA is the Avo-

gadro constant, M is the molecular weight, q is the specific

density, rabs is the total cross-section, and rscatt is the

scattering cross-section. For multilamellar lipid membranes

the linear absorption coefficient depends on the kind of

lipids, the thickness of the lipid bilayer, the value of the

interbilayer space, and the molar ratio of D2O in the water

in this space. Using the values of lipids and water linear

absorption coefficients, one can calculate the product lt.

This parameter has similar values of 0.0111 and 0.0113 for

55/20/15/10 and 66/10/18/6 membranes at 8% D2O,

respectively.

The phases of the structure factors were determined

from H2O/D2O exchange experiments. For centrosym-

metric structures the structure factors change linearly with

the isotopic composition of the water, as described else-

where (Worcester and Franks 1976; Franks and Lieb 1979).

In our case a center of symmetry was chosen to be at the

center of the bilayer and the water distribution peaks

resembling Gaussian shape are centered at ±d/2 so that,

when H2O is replaced by D2O, the even-order structure

factors must increase but the odd-order structure factors

must decrease algebraically. Phases assigned according to

this rule for the CER6/Ch/FFA/ChS membranes with both

55/20/15/10 and 66/10/18/6 compositions are: -, ?, -, ?,

and - for the first, second, third, fourth, and fifth diffrac-

tion order, respectively.

The coefficients a and b in (1) were determined in the

procedure of Fourier profile normalization using values of

the neutron scattering length density of methyl group

(SLDCH3 = -0.0085 9 10-12 cm-2) and methylene group

(SLDCH2 = -0.0031 9 10-12 cm-2). The neutron scat-

tering length density of molecular group is calculated as:

SLD ¼
Pn

i¼1 bc=Vm, where bc is the coherent neutron

scattering length of the ith of n atoms in a molecular group

with molecular volume Vm.

The absolute error of the scattering length density profile

was calculated as an error of the indirect measurable

parameter from the following equation:

DqexpðzÞ ¼ b
Xhmax

h¼1

DFhð Þ2cos2 2phz

d

� �" #1=2

: ð2Þ

The errors of the structure factors DFh were calculated

taking into account the statistics of signal (scattering

intensity) and background and are given in Table 1.

To characterize the internal membrane structure quan-

titatively, a simulation of the Fourier profile by a sum of

Gaussian functions, which corresponds to the main

molecular groups as described by Rand and Luzzati (1968),

was used. The region of polar head groups, methylene

groups, and cholesterol molecules was fitted by the

function

qsymðzÞ¼ Affiffiffiffiffiffi
2p
p

r

� exp �1

2
� z� z0

r

� �2
� �

þ exp �1

2
� zþ z0

r

� �2
� �� �

;

which describes the symmetrical scattering length density

distribution relative to z = 0. This function has three fit

parameters: the area A, the standard deviation r, and z0. To

characterize the width and position of a molecular group,

FWHM¼ 2r
ffiffiffiffiffiffiffiffiffiffi
2ln2
p

and z0 are used, respectively. The
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function corresponding to the methyl group centered at

z = 0 is given by the following equation:

qCH3
ðzÞ ¼ Affiffiffiffiffiffi

2p
p

r
� exp �1

2
� z� z0

r

� �2
� �

:

Thus, the Fourier profile was simulated by the following

function with 11 independent parameters:

qfitðzÞ ¼ qsym
PH ðzÞ þ qsym

CholðzÞ þ qsym
CH2
ðzÞ þ qCH3

ðzÞ: ð3Þ

Calculation of these parameters was performed by least-

squares method using PeakFit software (System Software

Inc.).

Water qw(z) across the bilayer was calculated as a dif-

ference between Fourier profiles restored at 50% and 8%

D2O content in water vapor.

Results

Structure

The samples were measured at the nominal temperatures of

32�C (physiological temperature of SC) and 20�C and 57%

RH. As shown below, the composition 55/20/15/10 is less

homogeneous at 32�C as compared with at 20�C. The

composition 66/10/18/6 is more resistant to changes of

experimental conditions in this temperature alteration.

Therefore, to obtain the accurate signs of structure factors

(see below) we investigated 55/20/15/10 and 66/10/18/6

compositions at various heavy-water concentrations at

20�C and 32�C, respectively. Figure 2 presents the neutron

diffraction spectra with five diffraction orders for the

membranes with compositions 55/20/15/10 and 66/10/18/6

measured at temperature of 20�C, 57% RH, and 8% D2O.

The averaged repeat distance of the 55% CER6/20%Ch/

15%FFA/10%ChS membrane d = 45.67 ± 0.02 Å was

calculated from Bragg peak positions at various H2O/D2O

contrasts. The higher diffraction orders at temperature

of 32�C show that the system is not completely homo-

geneous and has a minor phase with repeat distance

dminor = 44.0 ± 0.2 Å. The membrane repeat distance of

the main phase at 32�C is slightly less than that at 20�C:

d = 45.44 ± 0.06 Å.

The membrane with the composition 60/20/15/5 at 32�C

as well as the composition 55/20/15/10 is a quasihomog-

eneous system with periodicity of 45.71 ± 0.06 Å and has

a minor second phase with periodicity of 44.4 ± 0.4.

The spectra of the 66%CER6/10%Ch/18%FFA/6%ChS

membrane are characterized by the evident diffraction peak

from the second structure phase present. The averaged

repeat distances of this composition at 20�C and 32�C are

equal to 45.7 ± 0.2 Å and 45.6 ± 0.2 Å, respectively, and

are close to those of the compositions 55/20/15/10 and

60/20/15/5. The repeat distance of minor phase at both

temperatures has a value of dminor = 52.9 ± 0.1 Å.

The neutron scattering length density distributions for

the CER6/Ch/FFA/ChS membranes calculated and simu-

lated in accordance with Eqs. (1) and (3) are presented in

Fig. 3. The confidence limit for the scattering length den-

sity profile was estimated according to Eq. (2). The Fourier

profiles for the CER6/Ch/FFA/ChS membranes exhibit a

very small intermembrane space at 57% RH, which is

characteristic for the 55%CER6/25%Ch/15%PA/5%ChS

membrane (Kiselev et al. 2005). The difference between

the neutron scattering length density profiles for both 55/

20/15/10 and 66/10/18/6 compositions at 20�C and 32�C is

comparable with the error in these profiles.

Table 1 Experimental structure

factors of the CER6/Ch/FFA/

ChS membranes corrected as

described in the text

F1 (a.u.) F2 (a.u.) F3 (a.u.) F4 (a.u.) F5 (a.u.)

55/20/15/10

20�C 14.63 ± 0.01 4.66 ± 0.04 5.62 ± 0.03 2.90 ± 0.10 2.94 ± 0.09

32�C 14.50 ± 0.02 4.78 ± 0.07 5.55 ± 0.03 2.86 ± 0.26 3.04 ± 0.28

66/10/18/6

20�C 16.45 ± 0.01 6.51 ± 0.03 7.10 ± 0.04 3.19 ± 0.06 3.08 ± 0.06

32�C 15.48 ± 0.02 6.04 ± 0.03 6.67 ± 0.09 2.95 ± 0.29 2.88 ± 0.22

Fig. 2 Rocking curves for the compositions a 55/20/15/10 and b 66/

10/18/6 at five different detector angles at 8% D2O, 57% RH, at

temperature of 20�C
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Despite low hydration of the intermembrane space, the

water distribution function qw(z) exhibits penetration of

water into the hydrocarbon chains region, similar to the

case of SC_PA membrane. As described by Kiselev et al.

(2005) the hydrophobic–hydrophilic (HH) boundary is

given by the coordinate zHH, determined as the first zero of

the water distribution function, where the probability for

water molecule location becomes negligibly small. The

obtained results are presented in Fig. 4. The HH boundary

zHH amounts to 15.0 ± 0.2 and 14.7 ± 0.2 Å for the 55/20/

15/10 and 66/10/18/6 compositions, respectively. The main

parameters of the SC membranes are summarized in

Table 2.

Membrane hydration

To reveal the effect of cholesterol sulfate versus cholesterol

on the progress of the SC lipid model membrane hydration,

the kinetics of swelling of the CER6/Ch/FFA/ChS mem-

branes with the compositions 55/20/15/10 and 55/30/15/0

was measured by time-resolved diffraction technique at

20�C.

55%CER6/20%Ch/15%FFA/10%ChS membrane

A dry sample was introduced into the chamber with excess

heavy water, and the first-order diffraction peak from the

55%CER6/20%Ch/15%FFA/10%ChS membrane was col-

lected repeatedly for 7 h with acquisition time of 10 min.

For the next 13.4 h four orders were collected one after

another with acquisition time of 13, 20, 20, and 32 min,

respectively. Figure 5 presents the change in the membrane

repeat distance during the hydration process. The mem-

brane swelling is described by the exponential

dðtÞ ¼ dfh � Dd � exp �t=s
	 


ð4Þ

with characteristic time of s = 61 ± 2 min. Due to

hydration the repeat distance increases by Dd = 1.24 ±

0.02 Å from 44.75 ± 0.50 Å in the dry state at room

humidity to dfh = 45.99 ± 0.01 Å in the fully hydrated

state.

Figure 6 presents the time dependence of the structure

factors Fh during the hydration process. At the beginning of

hydration for the first 2 h, F1 increases exponentially with

characteristic time of 34 ± 2 min (only the first 11 points

were fitted). Then the time dependence F1(t) becomes

constant and, finally, decreases linearly. The structure fac-

tors of the higher diffraction orders decrease linearly too.

55%CER6/30%Ch/15%FFA membrane

The first diffraction peak from the 55%CER6/30%Ch/

15%FFA membrane was collected for 9.7 h. For the next

8 h four orders were collected. Swelling of this membrane

is described by Eq. (4) with characteristic time of

67 ± 4 min and Dd = 0.63 ± 0.02 Å (Fig. 5) and com-

pleted within about 6 h as well as swelling of the choles-

terol sulfate-containing membrane. The time dependence

of F1 has behavior analogous to that of the membrane with

ChS. In the absence of ChS, the fully hydrated membrane

Fig. 3 The neutron scattering

length density q(z) of the CER6/

Ch/FFA/ChS membrane with

compositions a 55/20/15/10 and

b 66/10/18/6 at 8% D2O, 32�C,

and 57% RH. The grey shaded
area indicates the error of the

neutron density profile

Fig. 4 Water distribution function qw(z) across the CER6/Ch/FFA/

ChS membranes with compositions 55/20/15/10 at T = 20�C and

59% RH (solid grey line) and 66/10/18/6 at T = 32�C and 55% RH

(dashed black line). The hydrophobic–hydrophilic boundary is

indicated by the dotted line

1172 Eur Biophys J (2010) 39:1167–1176

123



(Fig. 7) is split into two phases with repeat distances of

45.79 ± 0.07 and 44.11 ± 0.03 Å.

Discussion

The aim of the present work is to characterize SC model

membranes with near-native free fatty acid mixture by

neutron diffraction. Previously, for the first time, the

internal structure at 60% humidity and the hydration pro-

cess of oriented model SC membranes composed of CER6,

cholesterol, palmitic acid, and cholesterol sulfate (55/25/

15/5 w/w) were characterized using neutron diffraction

(Kiselev et al. 2005). Analysis of the neutron scattering

length density distribution (profile) q(z) allowed us to

describe the internal structure of a multibilayer membrane.

The low hydration of the intermembrane space at 60%

humidity as well as at water excess (about 1 Å for a fully

hydrated membrane) was found as a marked distinction of

this SC system from phospholipid membranes. In the

present study we examined the system CER6/Ch/FFA/ChS

(55/20/15/10 and 66/10/18/6 w/w) at the same experi-

mental conditions to compare its structure with that of the

SC_PA membrane (reference system).

The diffraction pattern of the CER6/Ch/FFA/ChS

membrane at the weight ratio 55/20/15/10 shows a nearly

one-phase system with periodicity of 45.7 Å. At tempera-

ture of 32�C diffraction spectrum reveals the second minor

structure phase with repeat distance of 44.0 Å. The CER6/

Ch/FFA/ChS mixture at the weight ratio 60/20/15/5 is also a

quasihomogeneous system with the same repeat distance of

the main phase of 45.7 Å. The existence of some structur-

ally different phases with long-range ordering in a sample

becomes apparent in the presence of Bragg peaks from

these phases in a diffraction pattern. Here we identify the

presence of more than one phase with close repeat distance

in the sample by the asymmetry of the higher-order peaks,

the most resolved in the reciprocal-space. The system

whose diffraction pattern contains completely unresolved

diffraction peaks from different structural phases we shall

Table 2 Structure parameters of the partially hydrated CER6/Ch/FFA/ChS membranes with the compositions 55/20/15/10 at 20�C and 66/10/

18/6 at 32�C as compared with the membrane 55%CER6/25%Ch/15%PA/5%ChS (SC_PA) at 32�C (Kiselev et al. 2005)

Composition Repeat distance

at 57% RH (Å)

zPH (Å)a Thickness of

hydrophilic region (Å)

Thickness of

hydrophobic region (Å)b

55/20/15/10 45.67 ± 0.02 22.75 ± 0.01 7.8 ± 0.2 30 ± 0.2

66/10/18/6 45.6 ± 0.2 22.68 ± 0.01 8.0 ± 0.2 29.4 ± 0.2

SC_PA 45.63 ± 0.04 22.82 ± 0.01 7.2 ± 0.2 31.2 ± 0.1

a zPH is the position of the Gaussian function corresponding to the polar head groups
b Thickness of hydrophobic region = 2zHH

Fig. 5 Hydration of the CER6/Ch/FFA/ChS membranes with the

compositions 55/20/15/10 (circles) and 55/30/15/0 (open circles)

measured in D2O excess at 20�C

Fig. 6 a Time dependence of

the first structure factor of the

CER6/Ch/FFA/ChS membranes

with compositions 55/20/15/10

(circles) and 55/30/15/0 (open
circles) measured at 20�C

during swelling in D2O. b Time

dependence of the structure

factors of the CER6/Ch/FFA/

ChS membrane with

composition 55/20/15/10
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call ‘‘near-one-phase system’’ or ‘‘quasihomogeneous sys-

tem’’, and define hereinafter the absolute values of struc-

tural factors of such system from the general integrated

intensity of peaks. Recovered as a Fourier transformation of

the thus-defined experimental structural factors, the scat-

tering length density distribution contains information on

the phase-average internal structure of bilayers.

In the CER6/Ch/FFA/ChS system with the lipid com-

position 66/10/18/6, a separate minor phase with period-

icity of *53 Å is present. Most likely, this phase is formed

by pure longer-chain C22:0 and C24:0 fatty acids. In the

work of Ruettinger and coworkers the study of CER6/Ch/

FA/ChS systems (55/25/15/5 w/w) based on individual

fatty acids revealed that longer-chain free fatty acids tend

to form a new separate so-called fatty-acid-rich phase, and

the periodicity of the main phase decreases with an

increase in the free fatty acid chain length (Ruettinger et al.

2008). It is notable that the presence of a mixture of six free

fatty acids with different chain length in the membrane

with the same percentage of FFA (15%) inhibits separation

of individual free fatty acids from the multilamellar

structure. This result agrees with the finding of Jager and

coworkers that the presence of free fatty acids with varying

acyl chain length facilitates the incorporation of lipids into

the lamellar phase in the lipid mixtures (Jager et al. 2003).

Visual comparison of the neutron scattering length

density distribution of the CER6/Ch/FFA/ChS systems

with that of the SC_PA membrane shows the similarity of

internal structure of these systems, whose main feature is a

small intermembrane space. To compare the structure of

these systems quantitatively, the Fourier profiles were fitted

by a model function formerly used for a reference system

(Kiselev et al. 2005). The greater thickness of the hydro-

philic region of the FFA-based systems (*8 Å) than of the

reference system (7.2 Å) is explained by replacement of a

part of cholesterol by cholesterol sulfate in the membrane

composition. The thicknesses of the hydrophobic region

amount to 30 and 29.4 Å for the CER6/Ch/FFA/ChS

membranes with compositions 55/20/15/10 and 66/10/18/6,

respectively, which is slightly smaller in comparison with

that of the SC_PA membrane (31.2 Å). This narrowing of

hydrophobic core can be a result of an increase in the tilt

angle of the hydrocarbon chains with respect to the mem-

brane plane. The same effect was observed by Ruettinger

et al. (2008) in membranes with individual fatty acids.

Partially interdigitated chains of free fatty acids create

some free space. FFA fill this space by titling their chains

in order to minimize free volume inside the membrane.

Considerably slower membrane swelling at water excess

as compared with phospholipid membranes was a typical

feature of the SC_PA membrane. In the present investi-

gation the repeat distance of the FFA membrane increases

exponentially with a characteristic time of 61 ± 2 min,

which is one and a half times faster than for the SC_PA

membrane. This increase in membrane swelling rate is

likely caused by a less dense bilayer arising from inter-

digitation of the longer-chain fatty acids. The mobility of

the lipid molecules in this system is higher than in a more

compact membrane with only short-chain palmitic acid and

may promote the flip-flop transition of CER6 molecules,

which becomes visible as a decrease in the characteristic

time of membrane swelling.

The decrease in the first structure factor F1 after 2 h

swelling can be explained by supposing that any change in

the internal membrane structure occurs due to hydration.

In the work of Kiselev and co-workers a drastic decrease in

the value of the first-order diffraction peak of the SC_PA

membrane was observed after 1 h hydration in water

excess. To explain this jumping of intensity, the flip-flop

transition of CER6 molecules was suggested (Kiselev et al.

2005). Under membrane hydration the CER6 molecule

changes its FE conformation for an energetically favorable

one-side conformation (OS conformation), and as a result

the adjacent bilayers move apart and the membrane repeat

distance increases by approximately 1 Å compared with

the partially hydrated state of the system. Similar structural

alterations of fully hydrated porcine SC were observed by

neutron diffraction (Charalambopoulou et al. 2002). After

15 h of hydration in D2O the period of lamellar structure of

SC tissue increases from 57 Å at 100% RH to 70 Å.

Interestingly, under prolonged hydration (up to 8 days) the

repeat distance remained unchanged, whereas the first-

order peak disappeared, but the second weak peak did not

change. This effect of hydration on native SC can also be

explained by the flip-flop transition of ceramide molecules

from FE conformation to OS conformation. In the present

work the flip-flop transition of CER6 molecules could

Fig. 7 Neutron diffraction spectra from the fully hydrated CER6/Ch/

FFA/ChS membranes with compositions a 55/20/15/10 and b 55/30/

15/0 measured at 20�C
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cause a linear decrease in F1. On the other hand, Fig. 6

presents a monotonic decrease in all measured structure

factors, which could also be caused by sample dissolution

in the water.

Two effects of ChS on the fully hydrated SC model

membranes have been observed. First, the replacement of

ChS by Ch does not change the hydration rate, while the

increase in the cholesterol/cholesterol sulfate ratio from 2/1

up to 3/0 leads to twofold lower swelling of the ChS-free

membrane: Dd = 0.63 ± 0.02 Å versus 1.24 ± 0.02 Å for

the ChS-containing membrane. Such effect of ChS on

hydration of phospholipid membranes has been earlier

observed using microscopy, X-ray diffraction, nuclear

magnetic resonance (NMR) techniques, and molecular

dynamics simulation (Faure et al. 1996; Smondyrev and

Berkowitz 2000). The greater swelling of ChS-containing

membrane is not surprising and is most likely caused by the

ability of a sulfate group of ChS to form many more

hydrogen bonds with water as compared with the hydroxyl

group of Ch. Second, ChS stabilizes the membrane. The

membrane without ChS splits into two phases. This phase

separation could arise from a decrease in lipid mobility in

the absence of ChS. The negatively charged sulfate group

of ChS increases the molecular area per lipid and thus

reduces the lipid packing density and increases the lipid

mobility in the bilayer, thus promoting the miscibility of

the lipids.

Summing up the presented results, one can conclude that

the structure of the partially hydrated model SC systems

based on the mixture of six free fatty acids in a temperature

range of 20–32�C is close to that of the system based on

palmitic acid with characteristic small interbilayer space.

The variation of the main component ratio does not lead to

any significant change of membrane structure parameters

and denotes a very stable membrane nanostructure rein-

forced by CER6 molecules. The free fatty acid composition

accelerates the membrane swelling as compared with the

SC membrane based on short-chain palmitic acid at the

same level of hydration of both PA- and FFA-containing

membranes. The replacement of cholesterol by cholesterol

sulfate in the membrane composition increases the mem-

brane swelling, inhibits the phase separation, and thereby

leads to a more homogeneous lipid system. The presented

data support the hypothesis that cholesterol sulfate

promotes intercellular cohesion of SC by increasing the

stability of intercellular membranes.
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