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Chapter 5

Abstract

The lipid matrix present in the human stratum corneum (the thin, uppermost
layer of the skin) is considered to play a crucial role in the skin barrier
function. The lipid matrix consists of ceramides, cholesterol and free fatty
acids. The 13 nm lamellar phase present in the lipid matrix of the stratum
corneum is very characteristic and plays an important role in the skin barrier
function. One subclass of ceramides with a linoleic acid linked to a very long
acyl (referred to as EOS) plays a crucial role in the formation of the 13 nm

lamellar phase.

In this paper we focus on the lipid phase behaviour of EOS mixed with
cholesterol or with cholesterol and free fatty acids. Our studies reveal that an
equimolar ratio of EOS, cholesterol and free fatty acids forms a lamellar
phase with a very long repeat distance of approximately 14.7 nm. This
phase has an exceptional behaviour as in the thermotropic response the
fatty acid chains and the ceramide chains undergo an order-disorder
transition at different temperature ranges, while a part of the hydrocarbon
chains of ceramides and fatty acids are mixing in the orthorhombic lattice.
Based on these observations a molecular model for the 14.7 nm phase has
been proposed, in which the lipids are organised in a lamellar phase with
three different lipid layers in a symmetric unit cell.
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A unique lamellar phase

Introduction

The natural function of the skin is to protect the body from unwanted
influences of the environment and to prevent the body from desiccation. The
main barrier for diffusion of substances across the skin is the outermost
layer of the skin, the stratum corneum (2). The stratum corneum is a
transparent thin layer of around 15 pm in thickness and consists of
hydrophilic corneocytes embedded in lipid regions. The structure of the
stratum corneum is often compared to a brick wall, in which the corneocytes
form the bricks and the lipids form the mortar. The corneocytes are
surrounded by a densely crosslinked protein layer, the cornified envelope. A
monolayer of lipids is chemically linked to the cornified envelope and forms
the link between the hydrophilic corneocytes and the hydrophobic lipids,
which are the major constituents in the intercellular regions (3). As the lipid
located in the intercellular regions form the only continuous structure in the
stratum corneum, substances always have to cross the intercellular lipid
regions before entering the viable epidermis underneath the stratum
corneum (4, 5). For this reason the lipid composition and organisation is
always considered to play a crucial role in the skin barrier function. The main
lipid classes in stratum corneum are ceramides (CERSs), cholesterol (CHOL)
and free fatty acids (FFAs) in an approximately equal molar ratio (6-8). The
lipids form two crystalline lamellar phases with repeat distances of
approximately 6 and 13 nm (9-14). The 13 nm lamellar phase is very
characteristic for the structure and is considered to be very important for the
skin barrier function. When using human stratum corneum, only one group
did not report the 13 nm lamellar phase (15). In that publication the set-up of
the X-ray beam precluded the detection of reflections corresponding to long
spacings and therefore no LPP was reported. The lateral packing of the
lipids in the lipid lamellae is mainly orthorhombic, although the hexagonal
lateral packing is also formed (10, 16-19). In human stratum corneum at
least 11 subclasses of CERs are identified (8). The most important CERs
are classified according to their base, which is either a sphingoid base (S),
phytosphingoid base (P), or 6 hydroxy sphingoid base (H). Among these
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CERs, there are 3 CER subclasses having a very exceptional molecular
architecture, referred to as acylCERs (8, 20). The acylCERs have a linoleic
acid ester linked to a w-hydroxy fatty acyl chain with a length of
approximately 32 carbon atoms, see Figure 1 (7). Furthermore, the FFAs
are mainly saturated having a predominant chain length of 24 to 26 carbon
atoms (21). Previous studies using mixtures based on either isolated CERs
or synthetic CERs showed that these lipid mixtures resemble very closely
the lipid organisation in human stratum corneum (22-24). This simplified
synthetic CER mixture consists of one acylceramide (EOS) and 4 other CER
subclasses with either a sphingosine or a phytosphingosine base. Using
these CER subclasses, mixed with CHOL and FFAs, it was demonstrated
that EOS, see Figure 1, is very important for the formation of the 13 nm
lamellar phase (24, 25). In additional studies it was observed that the
linoleate moiety of the acylCER is in a pseudofluid phase, and that the
presence of this pseudofluid phase is also crucial for the formation of the 13
nm lamellar phase (23, 26). When we reduced the number of CERs by
selecting only sphingosine-based, phytosphingosine-based or a-hydroxy-
based ceramides, it was still possible to form the long periodicity phase (26).
However, the composition of the selected CER mixtures affected the lateral
packing of the lipids as far as the formation of the orthorhombic phase is
concerned.

HN"oH
OH

Figure 1: Molecular structure of the most abundant EOS. The nomenclature is
according to Motta et al. (1).

In addition several studies were performed on the phase behaviour of single
CERs mixed with a single FFA and/or CHOL. Although the lateral packing of
these mixtures is often very similar to that observed in stratum corneum, the
lamellar phase behaviour and the mixing properties between CERs and FFA
are different (27-31).
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A unique lamellar phase

As EOS plays a crucial role in the formation of the 13 nm lamellar phase, the
current study is focussed on the phase behaviour of EOS combined with
either only CHOL or with CHOL and FFA. The central questions we wanted
to answer in this study are: 1) Is it possible for EOS in a mixture with FFA
and CHOL to form the LPP in the absence of the other CER subclasses?
and 2) What is the molecular organisation of the phases formed in the
equimolar EOS:CHOL:FFA  mixture? Our studies reveal that
EOS:CHOL:FFA mixtures form a very exceptional lamellar phase that is
different from the 13 nm lamellar phase observed in the stratum corneum.

Material and Methods

Materials

Synthetic EOS with an w-hydroxy chain length of 30 or 27 carbon atoms
(deuterated linoleate, referred to as dEOS) was generously provided by
Cosmoferm B.V. (Delft, The Netherlands). Palmitic acid (C16:0), stearic acid
(C18:0), arachidic acid (C20:0), behenic acid (C22:0), tricosanoic acid
(C23:0), lignoceric acid (C24:0), cerotic acid (C26:0), cholesterol and
acetate buffer salts were purchased from Sigma-Aldrich Chemie GmbH
(Schnelldorf, Germany). All organic solvents used are of analytical grade
and manufactured by Labscan Ltd. (Dublin, Ireland). The water used is of
Millipore quality.

Perdeuterated FFAs (referred to as DFFAs) with a chain length of C16:0 and
C22:0 were obtained from Larodan ( Malmo, Sweden). The DFFA with chain
length of C18:0 and C20:0 were purchased from Cambridge Isotope
laboratories (Andover, Massachusetts), while DFFA with a chain length of
C24:0 was obtained from ARC laboratories (Apeldoorn, The Netherlands).
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Preparation of the lipid mixtures

For the free fatty acids mixture FFA7, the following composition was
selected: C16:0, C18:0, C20:0, C22:0, C23:0, C24:0 and C26:0 at molar
ratios of 1.8, 4.0, 7.7, 42.6, 5.2, 34.7 and 4.1 respectively. This chain length
distribution is based on a FFA composition in SC (32). For FTIR studies, the
protonated FFA7 were replaced by protonated FFA5 or deuterated DFFAS
using a slightly different FFA composition, namely C16, C18, C20, C22 and
C24 at molar ratios of 1.8, 4.0, 7.6, 47.8 and 38.8 respectively, as not all the
FFA were available in the deuterated version. SAXD measurements of
mixtures with FFA5 or DFFAS demonstrated that these mixtures form the
same lamellar phases (data not shown).

EOS, dEOS, CHOL, FFA7 or FFA5 or DFFA5 were dissolved in
chloroform:methanol (2:1 v/v). The solvents were mixed in appropriate ratios
to achieve the required compositions. About 1.5 mg of lipids in solution was
sprayed in the centre of a mica strip of 10 x 2 mm (X-ray diffraction studies)
or on an AgBr window in 10 x 10 mm area (FTIR studies) using a Camag
Linomat IV sample applicator (Muttenz, Switzerland). Spraying was
performed at a rate of 5 pl/min, under a gentle stream of nitrogen gas.
Subsequently, each lipid sample was equilibrated at a temperature around
the melting point of the lipid mixture, which was either 70 or 80°C dependent
on the composition of the mixture. After 10 minutes of equilibration close to
the melting temperature range, the sample was cooled down to room

temperature.

X-ray diffraction analysis

All samples were measured at the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France), at the small-angle X-ray diffraction (SAXD)
beam line BM26b. The lipid samples were inserted into a temperature
controlled sample holder with two mica windows. Diffraction data were
collected on a two-dimensional multi-wire gas-filled area detector with
512x512 pixels of 0.25 mm spatial resolution. The spatial calibration of this

detector was performed using silver behenate (d = 5.838 nm). Data
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acquisition was performed for a period of 10 to 15 min. The scattered
intensities were measured as a function of 6, the scattering angle. From the
scattering angle the scattering vector (q) was calculated by q = 41sin6/A, in
which A is the wavelength at the sample position. One dimensional intensity
profiles were obtained by transformation of the two dimensional SAXD
pattern from Cartesian (x,y) to polar (p,p) coordinates and subsequently,
integration over ¢ from 60 to 120 degrees. These diffraction curves were
plotted as a function of q (nm’1), the scattering vector in reciprocal space.
The positions of the diffraction peaks are identified by their spacing, which is
21/gn, in which gn is the position of the diffraction peak of order n. The
repeat distance of a lamellar phase is calculated from the spacings of the
various orders of the diffraction peaks attributed to that phase, namely
d=2nt/qn. When examined as function of temperature, the acquisition time
for each sequential measurement was 3 minutes and the heating rate was
1°C/min.

FTIR analysis

All spectra were acquired on a BIORAD FTS4000 FTIR spectrometer
(Cambridge, Massachusetts) equipped with a broad-band mercury cadmium
telluride detector, cooled with liquid nitrogen. The sample cell was closed by
a second AgBr window. The sample was under continuous dry air purge
starting 1 hour before the data acquisition. The spectra were collected in
transmission mode, as a co-addition of 256 scans at 1 cm-" resolution during
4 minutes. In order to detect the phase transition the sample temperature
was increased at a heating rate of 0.25°C/min resulting in 1°C temperature
raise during each measurement. The lipid phase behavior was examined
between 20°C and 100°C. The software used was Win-IR pro 3.0 from
Biorad (Cambridge, Massachusetts). The spectra were deconvoluted using

a half-width of 4 cm™ and an enhancement factor of 1.7.
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Results

EOS:CHOL

> 2:1 > EOS:CHOL
D a 1:2
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Figure 2: X-ray diffraction patterns of mixtures with EOS:CHOL in different
molar ratios. The diffraction peaks indicated by Arabic numbers (1 to 3) are
associated to a lamellar phase with a periodicity of approximately 9.8 nm. The
peaks indicated by roman numbers (I to lll) arise from a shorter lamellar phase
with repeat distance of approximately 7.7 nm. The remaining peaks that are
present in the diffraction patterns, indicated by asterisks, arise from crystalline

cholesterol (repeat distance is 3.4 nm).

Phase behaviour of EOS and EOS:CHOL mixtures

The diffraction profiles of EOS and the EOS:CHOL mixtures are provided in
Figure 2A and 2B. The diffraction profile of EOS is characterized by 3
reflections positioned at q= 0.68, 1.35 and 2.0 nm’” indicating a lamellar
phase with a repeat distance of 9.3 nm. The diffraction pattern of the
EOS:CHOL mixture with a molar ratio of 2:1 reveals the presence of at least
three reflections (g= 0.65, 1.26 and 1.89 nm'1) representing a lamellar phase
with a repeat distance of 9.8 nm. The 3rd order peak might also partly be
due to phase separated CHOL (33) indicated by reflections located at

g=1.87 and 3.74 nm™. In addition a reflection is observed at a spacing of
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3.83 nm (g= 1.63 nm™), of which the first order is most probably the shoulder
observed at the right-hand side of the peak at g= 0.64 nm’’ representing a
phase with a repeat distance of approximately 7.7 nm. Therefore it seems
that in the EOS:CHOL mixture with a 2:1 molar ratio two phases coexist: a
lamellar phase with a repeat distance of 9.8 nm and another phase with a
repeat distance of approximately 7.7 nm. Increasing the CHOL content to an
equimolar EOS:CHOL ratio promotes the presence of the 7.7 nm phase, as
is clearly depicted in Figure 2B. The reflections attributed to this phase are
located at g= 0.81 and 1.62 nm™. Finally we increased the CHOL content to
an EOS:CHOL molar ratio of 1:2. Only the 7.7 nm phase is present (g= 0.82
and 1.63 nm” and a very weak reflection at g= 2.37 nm™) together with
phase separated CHOL.

Phase behaviour of EOS:CHOL:FFA7 mixtures

First the phase behaviour of an equimolar EOS:CHOL:FFA7 mixture was
studied. As depicted in Figure 3A, a series of peaks is present that can be
attributed to only one lamellar phase with a repeat distance of 14.7 nm
(reflections at g= 0.42 (1st order), 0.86 (2nd), 1.28 (3rd), 1.72 (4th), 2.13
(5th), 2.99 (7th) and 3.41 (8th) nm'1). Choosing this lipid composition a
lamellar phase is formed with a longer periodicity than observed in the LPP.
In addition two reflections attributed to phase separated crystalline CHOL
are present. Reduction in CHOL level to an EOS:CHOL:FFA7 molar ratio of
1:0.8:1 resulted in a diffraction profile with reflections at 0.89 (1st), 1.69
(2nd) and 3.43 ( 4th) nm™ strongly indicating the presence of a 7.3 nm
lamellar phase, see Figure 3B. An additional peak is observed at a spacing
of 5.5 nm (g=1.13 nm™), which is attributed to another unknown phase.
Reducing the CHOL content further results in the formation of a phase with a
repeat distance of around 9.3 nm, very similar to the phase changes of
EOS:CHOL mixtures when reducing the CHOL level (not shown). Therefore
reducing the CHOL level below an equimolar ratio strongly reduces the
formation of the phase with a very long repeat distance of approximately
14.7 nm. From the studies presented in Figure 2 it is clear that in the
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absence of a FFA7 mixture with chain-lengths varying from 16 to 26 carbon
atoms, no 14.7 nm lamellar phase is formed, while Figure 3A exhibits

reflections all contributing to the 14.7 nm phase.

130

5 EOS:CHOL:FFA 1|
\ 1:0.8:1 \
\ 7 \
\\\ /\ 8 .9
o/ \\w // \/\/\\\
2 3 4
2 2
2 EOS:CHOL:FFA 2
[0} 4. Q
£ 1:1:1 £
1 4 0 1 3 4
—— q[nm7] — q[nm7]
3A 3B
19 2
2 I\ A
VA \
| A
\\ 7 U fuaddeal &%wg ;Vf"i
WK‘\»,,’\_‘ *
IR WA
2 3 4
2 3 4
> > EOS:CHOL:FFA23.24.26
"Z’ EOS:ICHOL:FFA24.26| G 4 14-1
2 1:1:1 2
£ £




A unique lamellar phase

Yy \‘\”w mmwwf"”m EOS:CHOL:FFA
1:1:0.8

2 3 EOS:CHOL:FFA20.22.23 2
2 4 1:1:1 o
9] 2
k= £
1 . 3 4
— q[nm7]
3E
2
EOS:CHOL:FFA
1:1:1.2
=
‘@
c
o)
k=

]
—— q[nm']

3G

Figure 3: X-ray diffraction patterns of EOS:CHOL:FFA in different molar ratios
or with varying FFA composition. In these patterns the Arabic numbers (1 up to
9) denote the diffraction peaks that are associated to the very long periodicity
phase (with a repeat distance of around 14.7 nm). If an additional phase is
present in a diffraction pattern the peaks associated to this phase are indicated
by a dagger (1). Diffraction peaks of crystalline cholesterol are indicated by

asterisks.
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The next question to be answered is, do we need such a wide variation in
chain length distribution in the FFA7 mixture or can we replace this mixture
by a less complex one? In order to answer this question we reduced the
number of FFA components to only three or two, in which the FFA
composition was gradually changed from long chain FFA to shorter chain
FFA.

In Figure 3C the diffraction profile of the equimolar EOS:CHOL:FFA24.26
mixture is depicted. (FFA24.26 indicates two fatty acids in equimolar ratio
with a chain length of 24 carbon and 26 carbon atoms.) Similarly to the
EOS:CHOL:FFA7 mixture 6 reflections are present, which can all be
attributed to a lamellar phase with a repeat distance of 14.4 nm (positions of
the reflections are at q= 0.44, 0.87, 1.29, 1.73, 2.16 and 3.00 nm™). The
presence of crystalline CHOL in separate domains can be deduced from the
peaks at 1.87 and 3.74 nm™'. When adding a fatty acid with a chain length of
23 carbon atoms (resulting in an equimolar EOS:CHOL:FFA23.24.26
mixture) a lamellar phase with a repeat distance of 14.5 nm is formed, see
Figure 3D. With a further reduction in FFA chain length, using a mixture of
equimolar EOS:CHOL:FFA20.22.23, it was still possible to form a 14.4 nm
lamellar phase (reflections at g= 0.44, 0.88, 1.28, 1.71 and 2.12 and 3.00
nm”), see Figure 3E. However, the formation of this phase was less
reproducible. A further reduction in the FFA chain lengths to FFA16.18.20
did not result in the formation of a lamellar phase with a very long repeat
distance (not shown). This indicates that in order to form this phase, fatty
acids with a long chain are required.

If we now reduce the number of FFA to only a single FA and study the phase
behaviour of EOS:CHOL:FA equimolar ratio by varying the FA chain length
between 16 and 24 carbon atoms, the lamellar phase with a repeat distance
of around 14.5 nm is not formed in a reproducible manner. Only occasionally
this phase is formed when using FA26, FA24 and FA23 (not shown)
demonstrating that a limited variation in chain length of the FFA is required
to form this lamellar phase with long repeat distance in a reproducible

manner.
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Finally we investigated whether the level of FFA7 could be reduced or
increased while still forming the lamellar phase with the long repeat
distance. A reduction of the FFA7 level to an 0.8 molar ratio resulted in the
formation of a lamellar phase with a long repeat distance of around 15.1 nm,
see Figure 3F. When increasing the FFA7 level to an EOS:CHOL:FFA7 level
of 1:1:1.2, the lamellar phase with a long repeat distance (14.4 nm) could
still be formed, although a small population of lipids also forms another
phase as indicated by the peak position at 0.64 nm™” (dagger in Figure 3G).
The EOS:CHOL:FFA7 1:1:1.2 composition was also measured as function
of temperature. The data is provided in Figure 4. Increasing the temperature
at a heating rate of 1.5°C/min did not change the lamellar phases until a
temperature of around 66°C was reached. At this temperature the reflections
attributed to the 14.4 nm lamellar phase reduced in intensity and
disappeared at approximately 74°C, while the reflection at 0.64 nm’’

disappeared at around 78°C.

=~

————————————————————— 80°

— ==

________________ 600

|

7’
4

il
/(( 7,

o
e

________________ 400

7

——> Intensity
T
T

O,

3 4, 20°

Figure 4: The x-ray diffraction profile of EOS:CHOL:FFA7 1:1:1.2 as a function
of temperature. Diffraction peaks associated to the very long lamellar phase
(with a periodicity of 14.4 nm) are indicated by Arabic numbers, the additional
phase by a dagger (peak position at 0.64 nm'1) and crystalline cholesterol by an

asterisk.

133



Chapter 5

2854 WL
_
c .
5 282 ‘e
— .
[0} A
-g 2850 ‘unnunun““‘““‘“:'.
> o
g B84 ves sonnes®”’
g eones™ *
S 2846
20 40 60 80 100
Temperature [°C]
5A
‘ 2854
— 2096 R
£ e 2852
O
‘:‘ 2094 A
5 S, 2850
2092 1
g . 2848
C|>) 2090 - . | 2846
S 0ps ttlonetlante” 2844
22,0220 00000 0000
20 40 60 80 100

134

Temperature [°C]

5C

Absorbance

R ——

—> Absorbance

700 720 740
—wavenumber [cm ]

5B

90°

180°

70°

60°
50°
40°

30°

20°

90°
80°

70°

60°

50°

40°

30°

o

700 720 740
—— wavenumber [cm™']

5D



A unique lamellar phase

90° 90°
80°
80°
70°
-|70°
60°
50 60°
8 a0° 8 50°
© ©
2 2
o] o
2 30° 3 140
< <
T T
20°
20°
1080 1090 1100 1080 1090 1100
—— wavenumber [cm™] —— wavenumber [cm™']
5E 5F

Figure 5: FTIR spectra of EOS:CHOL:FFAS5 in different ratios or with DFFAS5, as
a function of temperature. A) The CH, symmetric stretching peak positions of
EOS:CHOL 1:1 (triangles) and EOS:CHOL:FFA5 1:1:1 (circles). B) The CH,
rocking vibrations of EOS:CHOL:FFA5 1:1:1. C) The symmetric stretching peak
positions of the CH, chains (circles) and CD, chains (triangles) in a mixture
with EOS:CHOL:DFFA5 1:1:1. D) The CH, rocking and E) CD, scissoring
vibrations of the EOS:CHOL:DFFA5 mixture. F) Scissoring vibrations from a
mixture with DFFAS5 only.

Conformational ordering and lateral packing of the equimolar

EOS:CHOL mixture

The CH, symmetric stretching vibrations are a measure for the
conformational ordering of the hydrocarbon chains in the mixture. The
thermotropic response of the CH, symmetric stretching vibration of the
equimolar EOS:CHOL mixture is provided in Figure 5A. At 20°C the CH,
symmetric stretching vibration is located at 2849.2 cm™. Increasing the
temperature to 75°C changes the CH, symmetric stretching vibrations only
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slightly to 2849.8 cm™. A further increase in temperature results in large shift
to a value of 2853.2 cm™ at 81°C indicating an order-disorder transition in a
very narrow temperature region. When focussing on the scissoring
vibrations, only one peak is observed at 1467 cm™, demonstrating that the
mixture forms a hexagonal lateral packing (not shown). Possibly a

subpopulation of the lipids may also form a liquid phase (see below).

Conformational ordering and lateral packing of the
EOS:CHOL:FFAS5 and EOS:CHOL:DFFA5 mixtures

To determine the thermotropic conformational ordering of the equimolar
EOS:CHOL:FFA5 mixture, the CH, symmetric stretching vibrations are
measured between 20 and 90°C, see Figure 5A. At 20°C the CH, symmetric
stretching vibration is located at 2846.4 cm™. Upon heating no shift in the
peak position of the vibration is observed until 38°C, at which a small shift to
2847.4 cm™ is observed. A further increase in temperature to 60°C does not
change the CH, symmetric stretching vibrations. Above 60°C a gradual shift
to higher wave numbers is observed. The midrange temperature of this
transition to a disordered phase is at around 78°C. At 90°C the CH,
symmetric stretching vibrations are at around 2853 cm™, indicating
conformational disordering. The CH, rocking and scissoring vibrations of the
hydrocarbon chains provide information about the lateral packing of the
lipids in the lamellae. The contours of the rocking vibrations in the spectrum
reveal a splitting with vibrations at 719.5 cm™ and 730.3 cm™ at 20°C, see
Figure 5B. This splitting is caused by a short range coupling between the
neighbouring hydrogen atoms of the hydrocarbon chains in the orthorhombic
packing. As the magnitude of this splitting approaches 11 cm™, which is
close to its maximum value, it may be concluded that large domains of this
orthorhombic packing are formed. However, as the splitting is not complete,
a subpopulation of lipids still forms a hexagonal lateral packing. A gradual
increase in temperature results in a disappearance of the splitting between
40°C and 42°C. At this temperature only one peak is observed,

demonstrating that the lateral packing is mainly hexagonal. These
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observations have been confirmed by the scissoring frequencies located in
the spectrum at 1463.1 and 1473.3 cm™ (not shown).

When we replace the protonated FFA5 by DFFA5 in the equimolar lipid
mixture, information can be obtained on the mixing properties of the FFA
and EOS on two levels. Firstly as the vibrations of the deuterated fatty acids
and the protonated EOS occur at a different wavenumber, the vibrations can
be measured simultaneously. For this reason it is possible to determine
whether the transition from an ordered to a disordered phase for the FFA
and EOS occurs in the same temperature range. Secondly, as no short
range coupling occurs between protonated and deuterated chains in the
orthorhombic lattice, it is possible to determine whether the protonated and
deuterated lipids participate in the same orthorhombic lattice.

When examining the thermotropic response of CH, symmetric stretching
vibrations, at 20°C the maximum of the contour is located at 2844.0 cm™.
This peak position does not shift until a temperature of around 50°C, see
Figure 5C. At that temperature a gradual increase of the wavenumber of the
symmetric stretching vibrations is observed until around 68°C. This suggests
an increase in conformational disordering in a subpopulation of protonated
chains. A further increase in temperature results in a steep shift in the
stretching vibrations to higher wavenumber until 74°C indicating a
conformational disordering occurring in a very narrow temperature range.
Above 74°C the change in stretching frequency levels off and reaches a
value of around 2853.4 cm™ at 90°C. When examining the CD, symmetric
stretching vibrations of the DFFA5 in the same mixture, the maximum of the
CD, symmetric stretching contour is at 2088.0 cm™ at 20°C. The peak
position does not shift until a temperature of around 54°C. A further increase
in temperature results in a steep shift of the maximum peak position to
2095.5 cm™ at 66°C indicating a conformational disordering of the FFA. A
further increase in temperature results in a gradual increase in the CD,
symmetric stretching frequencies to around 2096.7 cm” at 90°C. The
rocking and scissoring CH, and CD, vibrations provide information on the
lateral packing and mixing properties within the orthorhombic phase. These
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contours are provided in Figure 5D and 5E, respectively. At 20°C a slight
splitting in the CH; rocking frequencies is observed with peak positions at
721.4 and 728.0 cm”. When gradually increasing the temperature, a
reduction in the high wavenumber peak intensity starts at 34°C and the
splitting disappears at 38°C. The CH, scissoring vibrations in the spectrum
confirm the disappearance of the CH, short range coupling in this
temperature region. The CD, scissoring contours of the EOS:CHOL:DFFA5
also clearly show a splitting of the peak positions at 20°C. The low frequency
and high frequency components are located at 1086.3 and 1090.9 cm’”
respectively. The thermotropic behaviour of the CD, scissoring vibrations
reveal a disappearance of the splitting between 36 and 40°C. This suggests
the disappearance of the orthorhombic packing. For comparison in Figure
5F, the thermotropic behaviour of single DFFA5 contours are provided.
These show a splitting at 1085.6 and 1091.2 cm™. This splitting remains in
the temperature range between 20 and 70°C. The slopes forming the dip in
between the two scissoring vibrations are much steeper than the slopes
forming the dip between the low and high wavenumber of the CD, scissoring
vibrations in the spectrum of the CER:CHOL:DFFA5 mixture. This shows
that at least a subpopulation of DFFA is mixing with the protonated CER, but
that a fraction of the DFFA chains are still able to interact and are thus
located at neighbouring positions in the orthorhombic lattice.

Conformational ordering of the linoleate moiety in the equimolar
mixture of dEOS(C27):CHOL:FFA5

In order to determine whether the linoleate moiety in the equimolar mixture is
in a disordered state the CD, symmetric stretching vibrations were
measured of the equimolar dEOS(C27):CHOL:FFA5 mixture. In this mixture
only the linoleate moiety is deuterated, which permits a selective
measurement of the deuterated linoleate vibrations. The CD, stretching
vibrations reveal that already at room temperature the maximum peak is
close to 2099.0 cm™ and almost does not change in peak position until 70°C,

then a weak shift occurs to 2101.2 cm” which does not change until a
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temperature of 90°C is reached (not shown). This obviously shows that the
unsaturated linoleate chain is already in conformational disorder at room
temperature, but increases slightly in disorder at around 72°C, which is a
similar temperature range at which the lamellar phase with the long

periodicity disappears.

Discussion

The purpose of the studies described in this paper was to determine whether
EOS in the absence of additional CERs is able to form the LPP. For this
reason phase behaviour studies were performed with EOS, EOS:CHOL and
EOS:CHOL:FFA mixtures. Our studies reveal that only in EOS:CHOL:FFA
mixtures a lamellar phase with a very long periodicity of 14.7 nm is formed.
However, the periodicity of this lamellar phase is substantially longer than
observed for the LPP in stratum corneum and in mixtures prepared from
CER:CHOL:FFA (9, 10, 22-24). Particularly, in the case of the synthetic
CERs, the CER:CHOL:FFA mixtures mimicking the lipid composition in
stratum corneum form a LPP with a repeat distance of approximately 12.2
nm (24). This shows that the lipid arrangement in the 14.7 nm lamellar
phase of the EOS:CHOL:FFA mixture is different from that in the LPP of the
CER:CHOL:FFA mixtures. From this observation we conclude that EOS
requires the presence of other CERs to form the LPP. Examining more
closely the molecular organisation of this 14.7 nm lamellar phase might,
however, provide useful information on the formation of the LPP, as the
presence of EOS and CHOL is crucial for the formation of both lamellar
phases.

As also noticed in previous studies (34, 35), the equilibration of the samples
is a very important step to obtain lamellar phases with very long repeat
distances. For example, in order to obtain the lamellar phase in our
equimolar EOS:CHOL:FFA mixture it was required to equilibrate the sample
close to the temperature region at which the melting occurs, that is at 80°C.
An equilibration temperature of 70°C, which is below the melting
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temperature of the sample, does not lead to the formation of the lamellar
phase with a very long periodicity (not shown), but results in a diffraction
pattern with an undefined lipid phase behaviour indicating an improper
mixing of the various compounds. Using a longer equilibration time at

elevated temperatures, does not affect the formation of the lamellar phases.

Lipid organisation of the EOS:CHOL:FFA mixtures

Considering the lamellar phase with the long repeat distance varying
between 14.4 and 15.1 nm, we noticed exceptional phase behaviour in
several aspects. In the discussion below we will refer to this phase as the
14.7 nm lamellar phase, despite the small variations in repeat distance. The
combined information obtained with FTIR spectroscopy and X-ray diffraction
will be used to provide a molecular arrangement of this lamellar phase. First
we will discuss point by point the exceptional phase behaviour of this phase.
a. A slight deviation in CHOL levels from equimolar in the EOS:CHOL:FFA
mixture reduces strongly the formation of the 14.7 nm lamellar phase. A
deviation in FFA levels proved to be less critical since a small deviation of
the FFA molar ratio varying between 1:1:0.8 EOS:CHOL:FFA and 1:1:1.2
EOS:CHOL:FFA still results in the formation of the 14.7 nm lamellar phase.
b. A certain degree of FFA chain length distribution is important for the
formation of the 14.7 nm lamellar phase. When reducing the number of FFA
components from 7 to 3, it is still possible to form the 14.7 nm lamellar
phase, but only when using FFA chain lengths of at least 20 C atoms. This
demonstrates that long chain fatty acids are required for the formation of the
14.7 nm lamellar phase.

¢. When comparing the thermotropic behaviour in the symmetric stretching
absorption of EOS:CHOL and EOS:CHOL:FFA samples, we can conclude
that the addition of FFA to the EOS:CHOL mixture results in a higher
conformational ordering and a larger temperature range for the melting
transition, as the melting starts already at lower temperatures.

d. Substituting FFA by DFFA resulted in several remarkable and apparently
contrasting observations. Compared to the DFFA spectrum, the contours of
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the CD,, scissoring frequencies of EOS:CHOL:DFFA are asymmetric and the
degree of splitting is clearly reduced, demonstrating that the domain sizes of
the deuterated chains in the equimolar EOS:CHOL:DFFA are smaller than
the domain sizes in a DFFA mixture only (36). From these observations it is
obvious that the short range coupling between DFFA in the
EOS:CHOL:DFFA mixture is reduced as compared to a DFFA mixture.
Thus, a certain fraction of the hydrocarbon chains of EOS is participating in
the same lattice as the DFFA. This is very similar to the observations made
in mixtures of CER:CHOL:FFA forming the LPP, reported recently (26, 37).
e. However, the thermotropic response of the conformational disordering
shows a very remarkable behaviour: the conformational disordering of the
DFFA occurs in a temperature region which is approximately 10°C lower
than the temperature region at which the major population of the
hydrocarbon chains of EOS transforms from an ordered to a disordered
phase. This clearly shows that although a subpopulation of hydrocarbon
chains of EOS and DFFA are participating in the same orthorhombic lattice,
a large fraction of the EOS and DFFA chains is not located in the same
lattice and forms a separate domain.

f. The X-ray diffraction studies revealed that besides the presence of low
levels of crystalline CHOL, only a 14.7 nm lamellar phase is formed in the
equimolar EOS:CHOL:FFA mixture.

From this and from the observations made above, we can conclude that the
14.7 nm unit cell contains two types of domains: one in which FFA and EOS
participate in an orthorhombic lattice and one in which the hydrocarbon
chains of EOS and FFA do not mix.
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Figure 6: Suggested molecular arrangement for the very long periodicity phase
in EOS:CHOL:FFA mixtures and for the two lamellar phases present in
EOS:CHOL mixtures.

Proposed molecular arrangement for the 14.7 nm lamellar phase
When combining all observations discussed above, a molecular
arrangement for the 14.7 nm lamellar phase can be proposed. Such a
molecular arrangement is provided in Figure 6. This arrangement shows
three different lipid layers unequal in width. The different layers are referred
to as layer A (central part), layer B (layer with w-hydroxy fatty acid (C30) of
EOS) and layer C (FFA containing layer). In the molecular arrangement in
Figure 6 the length of the unit cell is determined by the two EOS molecules
in linear arrangement, in which the linoleate moieties in the central part of
the unit cell are interdigitating. When assuming a 0.127 nm length per C-C
bonding, the total length of the unit cell calculated from the molecular
structure of the two EOS molecules is 14.7 nm, which is in excellent
agreement with the periodicity measured by x-ray diffraction. Furthermore,
our measurements also revealed that two different domains are present in
the unit cell of the 14.7 nm phase, most probably located in different lipid
layers. This conclusion was drawn from the exceptional observation that

142



A unique lamellar phase

protonated and deuterated chains undergo an ordered-disordered transition
in clearly different temperature ranges. Therefore, in our proposed
arrangement the FFA is located adjacent to the C18 sphingosine chain of
EOS in layer C forming the orthorhombic lattice. Furthermore, the FFA and
the C18 sphingosine chain are partly interdigitating. The domain in layer B
with mainly w-hydroxy fatty acid (C30) of EOS and CHOL is responsible for
the high temperature order-disorder transition of around 75°C. A higher
transition temperature is expected as the very long w-hydroxy fatty acid
chain is involved in this transition. Then the question arises, why is the FFA
not located adjacent to the EOS C30 chain in layer B? One argument is the
large chain length difference between FFA and the C30 chain of
approximately 6 to 10 C-atoms. Therefore, these chains do not fit in one lipid
layer. In addition, this arrangement cannot explain the difference in
temperature range at which the order-disorder transition occurs for the
protonated and deuterated chains, as the C18 sphingosine chains are not
expected to undergo an ordered-disordered phase transition at a higher
temperature than the chains of the FFA. Another possible location for FFA is
adjacent to the linoleate moiety of EOS in layer A. However, the linoleate
has a high conformational disordering already at 20°C and therefore no
short-range coupling between FFA and the linoleate moiety is possible and
thus no orthorhombic phase can be formed after addition of the FFA. The
final possibility to discuss is an arrangement of the FFA and CHOL in layer
C, while the sphingosine chain would be located adjacent to the w-hydroxy
fatty acid chain of EOS. In this case a forked arrangement of the EOS is
obtained. However, in this arrangement the reduction in splitting when
substituting the FFA by DFFA cannot be explained as the CER and FFA
chains are located in different layers.

Then the remaining question is whether the proposed arrangement in Figure
6 fulfils the requirement of an approximately equimolar ratio in the
EOS:CHOL:FFA mixture. If indeed EOS is in a linear arrangement, the FFA
and EOS might have an interfacial area of approximately 0.20 nm?, similarly
to that of sphingosine monolayers (38). In contrast, the interfacial area per
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CHOL molecule is approximately 0.38-0.40 nm? (39), which is almost twice
that of linearly arranged EOS and FFA. Perhaps the orientation of the bulky
ring moiety of CHOL is perpendicular to the plane of drawing and a second
EOS molecule is located on top of the EOS in the drawing, adjacent to the
same CHOL molecule. In this way an equimolar ratio of EOS:CHOL:FFA is

indeed achieved.

A suggested molecular arrangement for the lamellar phases in
EOS:CHOL mixtures

In the EOS:CHOL mixtures two lamellar phases are observed. At relatively
low CHOL levels the repeat distance is approximately 9.8 nm, while at high
CHOL levels the 7.7 nm lamellar phase is predominantly present. In the
proposed molecular arrangement for the 14.7 nm lamellar phase, the
hydroxyl group of the CHOL molecule is located close to the ester bond
linking the C30 acyl with the linoleate moiety of EOS. Possibly, a hydrogen
bonding between the hydroxyl group of CHOL and the ester group of EOS is
stabilizing this arrangement. Furthermore, the linoleate moiety is fully
interdigitating. When assuming a 0.127 nm distance per C-C bonding, this
arrangement results in a calculated periodicity of 9.9 nm, which is very close
to the experimental repeat distance. In this case we cannot distinguish
between a forked or a linear arrangement of the EOS, both arrangements
are possible. In the figure a forked arrangement is shown. When increasing
the CHOL levels in the EOS:CHOL mixture a phase with a shorter repeat
distance is found. An arrangement for this shorter repeat period accounting
for the higher levels in CHOL content is also proposed in Figure 6. Again,
the hydrogen bonding between the hydroxyl group of CHOL and the ester
linkage in the EOS molecule might be the important factor that stabilizes the
structure. Also, the calculated repeat distance is about 7.7 nm, which again

matches with the measured repeat distance for this lamellar phase.
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A comparison between the LPP and the 14.7 nm lamellar phase
When we compare the phase behaviour of the LPP with that of the 14.7 nm
lamellar phase, some important differences are observed. Most strikingly the
14.7 nm lamellar phase can only be formed when the EOS:CHOL molar ratio
in the EOS:CHOL:FFA mixture is close to equimolar, while the LPP can be
formed over a wide range of CER:CHOL molar ratios. In case of human
CER e.g., the LPP is already formed at a CER:CHOL molar ratio of 1:0.2 in
the absence of FFA (40). This means that FFA is not required to form the
LPP, while CER and CHOL can replace each other to a certain extent in the
LPP. For maintaining the barrier function of the skin, this is a very important
observation, as even when dealing with substantial deviations in CER:CHOL
molar ratios, the LPP, which is considered to be crucial for the skin barrier
function, is still formed in the stratum corneum. In other words, the lipid
phase behaviour is not very sensitive to changes in the lipid composition. As
far as the role of FFA is concerned, it plays a prominent role in the formation
of the orthorhombic lateral packing (41). In contrast to the LPP, in case of
the 14.7 nm lamellar phase our results suggest that the three lipid classes
including FFA are required to form the 14.7 nm lamellar phase.

Finally, the question rises whether EOS is arranged in the LPP in a linear or
in a forked configuration. In the present study we propose a linear
arrangement for the EOS in the lamellar phase with a periodicity of around
14.7 nm, as this results in the required mixing of the hydrocarbon chains of
FFA and EOS. For other CER mixtures, a linear arrangement is also
suggested for AP with a fatty acid chain of 18 carbon atoms (42, 43).
However, whether the arrangement of EOS in the LPP is linear or forked
remains to be elucidated as very small changes in the environment such as
a distribution in chain length of the FFA and CER molecules or a variation in
head-group architecture may affect this arrangement. In this paper we
reported the phase behaviour of mixtures containing EOS, CHOL and FFA.
Our studies showed that the two complimentary methods of X-ray diffraction
and FTIR are excellent tools to provide detailed information on the 14.7 nm
lamellar phase.
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