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We investigated the lamellar structure of ternary stratum corneum (SC) lipid model systems based on
either the phytosphingosine type ceramide (CER) [NP] or CER[AP], supplemented by cholesterol and
stearic acid as representative free fatty acid species. For the CER[NP] based membrane, neutron
diffraction measurements revealed the coexistence of two lamellar phases, which markedly differ in
their hydration properties. CER[NP] forms an extremely rigid and stable bilayer backbone and is at
least partly sequestered in a separate phase which coexists with a second lamellar phase. At increased
temperature, a structural re-organization of the lipids was observed. One of the lamellar phases
disappeared, while the remaining phase increased its repeat distance by about 1 A. Such a behaviour has
not been described for SC lipid model membranes based on CER[AP] so far. Further, ’H NMR
spectroscopic measurements on two SC lipid model systems based on either CER[NP] or CER[AP] in
addition to cholesterol and perdeuterated stearic acid revealed a state of high lamellar order present in
both samples, emphasizing the importance of the phytosphingosine-type ceramides for the proper
formation of stable SC bilayer structures. However, the CER[NP] based ternary model showed a state
of higher lamellar order than the CER[AP] based system. Our results demonstrate that slight changes in
the ceramides’ head groups (CER[NP] with 3 hydroxyl groups vs. CER[AP] with 4 hydroxyl groups)

have a dramatic influence on the morphology of the lipid structures formed by these lipids.

1. Introduction

It is well known that the outermost layer of the mammalian skin,
the stratum corneum (SC) maintains homeostasis of the organism
by protecting the body from various outer influences and uncon-
trolled water loss. With its intercellular lipid matrix surrounding
the corneocytes, the SC is generally accepted to represent the major
penetration barrier of the skin.' Main constituents of the lipid
lamellae are ceramides (CERs) in addition to cholesterol (CHOL)
with its derivatives and free fatty acids (FFA),** whereby particu-
larly the structural arrangement of these SC lipids in highly ordered
and coherent multiple bilayers is regarded to be essential for the
maintenance of the skin barrier properties.® The CERs represent
a very lipophilic and rigid class of molecules with only small
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hydrophilic head groups, and they presumably determine the
structure of the lipid lamellae of the SC to a high extent, which
results e.g. in poor penetrability of mammalian skin for water.®
Accordingly, it was found that there is almost no free water present
inside the intercellular lamellar sheets of the SC.” With their
particular properties, the CER lipids are regarded to be highly
important for the proper formation of the penetration barrier.
Current SC research increasingly addresses the issue of identi-
fying specific CER subclasses or SC lipid species playing a key role
in the processes of skin barrier formation. There have been
numerous attempts to correlate different states of impaired skin
with alterations in the content of particular lipid species as reviewed
previously.® For the case of atopic dermatitis, a significant reduc-
tion in the linoleic-acid containing w-acylceramide CER[EOS] was
found.® The authors concluded an important role of this CER
subspecies for the skin barrier properties. Di Nardo and co-workers
likewise reported a diminished content of w-acyl-ceramides in the
skin of atopic dermatitis patients'® as well as a reduced CER[NP]
level, which was assumed to account for the impaired trans-
epidermal water loss observed for this unphysiological skin state. A
strong reduction of the phytosphingosine-based CER[AP] and
CER[NP] has also been demonstrated for the psoriatic skin.™
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From the physicochemical point of view, the phytosphingo-
sine-type CERs show distinct characteristics.'*!? It was reported
that CER[NP] is capable of forming an extremely strong network
of intra- and inter-molecular hydrogen bonds,'? which accounts
for its distinct conformational characteristics and alkyl chain
packing behaviour. When comparing the phytosphingoid-type
CER[AP] and CER[NP] with sphingosine-based CERs, phase
transition temperatures, intermolecular interactions and espe-
cially hydrogen bonding networks involving the hydrophilic
head groups differ markedly.'**> The authors reasoned that it is
the CER head group, which significantly determines the overall
behaviour of the studied ternary lipid mixture.

Furthermore, the number and exact position of the hydroxyl
groups in the hydrophilic head of the CER molecules was
recognized to affect the intermolecular lipid interactions. The
additional a-hydroxyl group present in CER[AP] was found to
induce a certain sterical hindrance to the stabilizing hydrogen
bond network mediated by the other hydroxyl groups of the
CER head.® Consequently, there seems to be a sensitive balance
of mutual interaction contributing to the stability of the overall
SC lipid structure.

The protruding role of phytosphingosine-type CER[AP] for
the formation of stable bilayer structures was also described in
the work of Kiselev and co-workers.'”'® Direct structural
insights into the bilayer architecture of a CER[AP]-based
quaternary SC lipid model membrane obtained from neutron
diffraction revealed the formation of an extremely stable
lamellar backbone with only little free water being present in the
intermembrane space. Even under excess hydration, the repeat
distance of the model bilayers only increased marginally by
about 1 A. The authors concluded that the polar CER[AP]
accounts for the creation of such a rigid bilayer structure by
forming strong lateral hydroxyl bonds, which was summarized
in the armature reinforcement model. In the fully extended
conformation, CER[AP] is assumed to pull the lamellae
together, thereby preventing stronger swelling of the bilayers.!”
That work furthermore emphasized the importance of the non-
destructive neutron diffraction technique for the purpose of
structural investigation of lamellar structures. Additionally, the
results obtained by further neutron diffraction experiments
underlined that detailed information regarding the specific
impact of particular CER species on the lamellar SC lipid
assembly can favourably be received by studying simplistic SC
model membranes based on mixtures of synthetic SC lipids
featuring well-defined head group architecture and defined alkyl
chain lengths.'-?°

In order to advance our knowledge regarding the influence of
phytosphingosine-type CERs on the molecular assembly of SC
lipids, the present study focused on highly oriented ternary
model membranes based on CER[NP] with symmetric alkyl
chain length (stearic acid amide-bound to C18 phytosphingosine
base), CHOL and the FFA stearic acid (SA). The system was
investigated by means of neutron diffraction at two different
temperatures in order to elucidate the bilayer architecture under
varying environmental conditions. Additional ’H NMR spec-
troscopic measurements were performed to study the structure
and dynamics of the free SA in the mixture with CHOL and
either CER[AP] or CER[NP] in order to analyze potential
differences between CER[AP] or [NP] based systems.

2. Experimental
2.1. Materials

CER[NP] (N-(octadecanoyl)-phytosphingosine) and CER[AP]
(N-(a-hydroxyoctadecanoyl)-phytosphingosine) were a gift of
Evonik Goldschmidt GmbH (Essen, Germany). Since the
substances had a purity of =96%, they were used as received
without any further purification. CHOL and SA were purchased
from Sigma Aldrich GmbH (Taufkirchen, Germany) and used as
received. The perdeuterated SA (SA-d3s) used for ‘H NMR
measurements was received from Dr Ehrenstorfer (Augsburg,
Germany) and used without further purification. Cholesterol-
25,26,26,26,27,27,27-d; was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Quartz slides (Spectrosil 2000, 25 x 65 x
0.3 mm?) for the neutron diffraction experiments were purchased
from Saint-Gobain (Wiesbaden, Germany). Fig. 1 displays the
chemical structure of the SC lipids used for the experiments. For
the deposition of the lipids onto the quartz surface, an airbrush
instrument (Harder & Steenbeck, Norderstedt, Germany) was
employed. Chloroform and methanol used as solvents for prep-
aration of the lipid solutions were of analytical grade. All buffer
substances were obtained from Sigma Aldrich.

2.2. Sample preparation

2.2.1 Neutron diffraction experiment. Oriented multilamellar
model membranes for investigation by means of neutron
diffraction were prepared according to the procedure described
earlier.”’ The sample studied by neutron scattering was
composed of CER[NP)/CHOL/SA, component mass ratio (m/m)
55/25/20. A total volume of 1.2 ml of the final lipid mixture
dissolved in chloroform/methanol (2 : 1 v/v) with a concentration
of 10 mg ml™ was spread over the quartz surface using the
airbrush device at constant air flow. The solvent was allowed to
evaporate under atmospheric pressure and subsequently under
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Fig. 1 The chemical structures of the SC lipids prepared as multi-
lamellar SC model membranes.
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reduced pressure (<50 mbar), where the samples were kept for
10-12 hours. After the solvent was removed completely,
a subsequent annealing procedure was applied, whereby the
samples were heated to 80 °C and cooled down to room
temperature in water-saturated atmosphere. Such a procedure is
often used in sample preparation for neutron diffraction exper-
iments in order to improve the sample quality and state of
lamellar order,? which is of benefit for the peak intensities in the
diffraction experiment and for the subsequent data analysis. For
a detailed description of the necessity of the annealing procedure
see former reports.?® Until the measurements, the samples were
stored at room temperature.

2.2.2 *H NMR spectroscopy. For the ?H NMR measure-
ments, the sample composition was either CER[NP] or CER[AP]
in mixture with CHOL and SA at a mass ratio (m/m) of 55/25/20,
where either the stearic acid (SA-dss) or the cholesterol
(CHOL-d;) was deuterated. Briefly, aliquots of the synthetic SC
lipids were dissolved in chloroform/methanol 2:1 (v/v) and
mixed in the required ratio to yield a total amount of 2.5 mg per
sample. After the solvent was evaporated under vacuum
(~1 mbar), the remaining lipid film was dispersed in 4 ml of an
aqueous buffer solution (10 mM Hepes, 100 mM NaCl, pH 7.4).
In order to achieve homogeneity, the lipid dispersion was heated
up to 80 °C and shaken for 3 hours with alternating bath ultra-
sonication and extensive vortexing. The resulting homogeneous
lipid dispersion was treated by ultracentrifugation (7" = 4 °C,
79 000 x g) (Beckman Optima L-60, Beckman Coulter GmbH,
Krefeld, Germany) in order to separate and remove excessive
buffer. The samples were subjected to several freeze—thaw cycles
to improve homogeneity, and finally transferred into 5 mm glass
vials for NMR measurements.

2.3. Neutron diffraction experiments

The neutron diffraction experiments were performed at the Small
Momentum Transfer Diffractometer D16 situated at the cold
source of the High-Flux Reactor (HFR) at Institute Laue-Lan-
gevin (ILL, Grenoble, France). The neutron wavelength of A =
4.74 A used for our experiment was received by appropriate
positioning of a pyrolytic graphite monochromator. A two-
dimensional position-sensitive detector (*He, area 256 x
256 mm?, spatial resolution 2 x 2 mm?) was used to record the
scattered neutron intensity. Diffraction data were collected as
rocking scans (w-scans) with the samples being rocked around
the expected Bragg positions w while the detector was set to
a fixed position 26 at a sample-to-detector distance of 101.5 cm.
For equilibration and subsequent measurements, the sample was
mounted in lockable chambers. Parameters like temperature (7)
and relative humidity (RH) were externally controlled. Prior to
each measurement, the sample was equilibrated at a temperature
of 32 °C (comparable to in vivo conditions) and the respective
RH until no changes in peak intensity or peak position were
detectable. According to previous studies, 68 hours are suffi-
cient for equilibrium hydration of such SC lipid model
membranes and consequently, this time period was also applied
in the present experiment.'®* Measurements were performed at
different temperatures, i.e. at 32 °C and 80 °C, and under rela-
tively dry and more humid atmospheres (58% RH and 99% RH,

respectively). The comparatively high temperature of 80 °C was
chosen to investigate the behaviour of the ternary model
membrane near the main phase transition temperature. Since
liquid-crystalline lipid bilayers are known to be several-fold more
permeable for agents than gel-state lamellar structures, it is
important to study the structural properties of the SC lipid model
lamellae in the liquid-crystalline state.

For each measurement condition, the model membrane was
studied at no less than three different D,O contrasts in order to
vary the neutron scattering length density between the lipids and
water. For that purpose, the chamber atmosphere was set to
three D,O/H,0 concentrations: 100/0, 50/50 and 8/92 (mol/mol).

The multilamellar sample was exposed to a monochromatic
and collimated incoming neutron beam during measurements,
while the intensity of scattered neutrons / was recorded as
a function of the scattering angle 26. The correlation of 26 to Q
(scattering vector) is given by @ = 4tsin 6/, with Q being the
resulting vector between the incoming wave vector k; and the
scattered wave vector Igs, and A being the neutron wavelength,
while 4 represents the angle of incident beam. The correlation d =
2nmt/Q, is used to calculate the repeat distance (periodicity) d of
a lamellar phase from the positions of a series of equidistant
peaks Q,, where n is the diffraction order of the peak.

The commonly applied procedure for the interpretation of
neutron diffraction data in order to gain insight into the nano-
scaled structure of the model membrane is to calculate the
neutron scattering length density (NSLD) profiles py(x) by
a Fourier synthesis of the structure factors Fj, according to:

2 2mhx
ps(x):aerEZicos( 7 ) §))

h=1

In this equation, ¢ and b are unknown coefficients for the
relative normalization of py(x), d is the lamellar periodicity and &
the order of diffraction. The absolute value of F;, was calculated
by |Fu| = vhiyAp, where h is the Lorentz correction, A, is the
absorption correction®® and I, is the integrated intensity of the /™
peak. To calculate py(x), at least three to four diffraction orders /
of one lamellar phase are required. Well-oriented model
membranes are essentially needed to record diffraction peaks of
higher orders which, however, can be hampered by the poor
signal-to-noise (s/n) ratio resulting from the strong background
due to the large incoherent scattering cross-section of the large
number of hydrogen atoms present in the hydrocarbon chains of
SC lipids. Raw data treatment and data reduction to intensity vs.
26 were performed with the Large Array Manipulation Program
(LAMP, a software package provided by the ILL?®). Integration
of the Bragg peaks, determination of the peak positions and
intensities after background subtraction were performed using
the software package IGOR Pro 6.1 (WaveMetrics Inc., Port-
land, OR, USA).

For the Fourier transform, not only the amplitude but also the
phase of each Fj, is required. With a Gaussian water distribution
assumed to feature a maximum at the position x = d/2 (near the
hydrophilic head group region), the phase of Fj can be deter-
mined using the isomorphous replacement method described
previously.?>?” Since the lamellar lipid arrangement of the SC
model membrane investigated here is supposed to be centro-
symmetric, the phase problem simplifies to the possibilities +
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or — for the phases of Fj, and can be solved by measuring the
samples at least at three different D,O/H,O ratios. A detailed
description of this procedure (so-called contrast variation) and of
the neutron diffraction data evaluation can be found
elsewhere 222528

2.4. *H NMR experiment

Static ’H NMR spectra were recorded on a Bruker Avance 750
MHz NMR spectrometer (Bruker Biospin GmbH, Rheinstetten,
Germany) operating at a resonance frequency of 115.1 MHz for
’H using a single-channel solids probe equipped with a 5 mm
solenoid coil. The ’H NMR spectra were accumulated using
quadrature phase detection with a phase-cycled quadrupolar
echo sequence.? The spectral width was set to 250 kHz. Typical
length of a 90° pulse was 3 to 5 us, and a relaxation delay of 0.8 s
or 3 s was applied. The spectra were acquired at temperatures of
32 °C and 80 °C.

The obtained ’H NMR powder spectra of stearic acid (SA-dss)
were depaked®® (using the algorithm of McCabe and Wassall3!)
and the order parameter profiles of the acyl chain were deter-
mined from the observed quadrupolar splitting Avg(n):

2
avoln) =3 € 5(n) @

where 2¢qQ/h is the quadrupolar-coupling constant (167 kHz for
’H in a C—*H bond) and S(n) the chain order parameter for the n™
carbon position in the chain. Details about the analysis of *H
NMR spectra are found in the literature.*?

3. Results and discussion

3.1. Neutron diffraction experiments on CER[NP]/cholesterol/
stearic acid

Fig. 2 displays the diffraction pattern for the sample CER[NP]/
CHOL/SA (55/25/20, m/m) recorded at 100% D,O contrast and
at three different measurement conditions. At 32 °C and 58%
RH, obviously two lamellar phases coexist, which are referred to
as PI and PII. Five orders of diffraction were detectable for each
phase, which differ in their peak shape. The reflections of PI are

2 I L1 s
------ RH 58%, 32°C

i3 —— RH 58%, 80°C

— - RH99%, 80°C

Intensity [a.u.]

smeared-out, broad, and less intense, while the diffraction signals
attributed to PII are well defined and sharp. As displayed in
Table 1, the lamellar repeat distances d are equal to 39.9 + 0.3 A
for PI, and 38.2 + 0.1 A for PII, respectively. Peaks located at
26 = 7.8° and 16° are attributed to segregated crystalline CHOL,
whose occurrence was already described before and is known to
not affect the lamellar order of the model membranes.?*-3%3*
From these first findings, we conclude a certain fraction of SC
lipids to be sequestered into the additionally occurring lamellar
phase PII. However, at 80 °C and 58% RH, only the peaks
attributed to PII are detectable, while PI disappears (see Fig. 2).
Simultaneously, PII increases its d-spacing by 0.7 A to 389 A
(Table 1), recognizable by a shift of the diffraction signals
towards lower 26 values. Phase-separated CHOL is still detect-
able. When the relative humidity is subsequently raised to 99%
while the temperature is kept at 80 °C, two coexisting phases are
formed again. The reappearing phase is clearly pronounced and
exhibits sharp diffraction signals of high intensity up to the 5™
order. However, the lamellar repeat distance is increased by 1.2 A
when compared to the phase PI at lower temperature. Phase-
separated CHOL is no longer observed, indicating an improved
miscibility of this rigid molecule with the other SC lipids at high
temperature and high humidity. This can be explained with the
increased area per SC lipid molecule due to enhanced head group
hydration at higher humidity, which allows for improved CHOL
incorporation into the SC lipid lamellae. Under all experimental
conditions studied, the lamellar phase PII did neither disappear,
nor show any clear response to D,O contrast variation, i.e. the
diffraction intensity was not dependent on the D,O/H,O ratio
(diffraction patterns not shown). In contrast, PI was found to
exhibit the expected response to D,O contrast variation. Two
conclusions can be drawn from these experimental findings: first,
the SC lipids arranged in PII presumably are virtually shielded
from any interactions with the water vapour, which prevents
appreciable interlamellar hydration. This does not apply for the
SC lipids assembled in PI. Consequently, the lipid arrangement
must differ in both phases. Second, temperature-dependent
reorganization of the lipid lamellae takes place. One phase, PI, is
no longer detectable at 80 °C, while PII persists, but slightly
increases its repeat distance. The latter is an atypical behaviour.
Usually, the lamellar spacing of phospholipid bilayers decreases
at high temperature due to an increased number of gauche
defects, increased chain fluidity and consequently stronger
interdigitation.?**¢ Such an expected behaviour with decreased
bilayer repeat distance at higher temperature was also
observed before for SC model membranes based on the more
polar CER[AP].*’

Table 1 Lamellar d-spacings of the ternary model membrane composed
of CER[NP], CHOL and SA (mass ratio 55/25/20) calculated from the
neutron diffraction data. Measurements were carried out at 32 °C or
80 °C, and at RH 58% or 99%. The values for d given in A are averaged
over three D,O concentrations (n.d.: not detectable)

5 10 15 20 25 30 35 40
Scattering angle 20 [deg]

Fig. 2 Neutron diffraction patterns recorded for the ternary sample
CER[NPJ/CHOL/SA at a D,O contrast of 100% and different experi-
mental conditions: at 32 °C, 58% RH (red dotted lines), at 80 °C, 58% RH
(black solid lines), and 80 °C, 99% RH (blue dash-dotted lines).

58% RH 99% RH
Temperature PI PII PI PII
32°C 40.0 £ 0.1 382+ 0.1 399+0.3 38.2+0.1
80 °C n.d. 389+ 0.1 41.1 £0.2 389 +£0.1
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Since PII did not display considerable contrast variation and
the F;, amplitudes do not display changes beyond statistical
uncertainty at increasing D,O concentrations (see Table 2), we
cannot determine the Fj, signs for PII reliably. However, since
there is at least a tendency we assume the signs for the diffraction
orders 1-5 as — + — + —. The py(x) received from Fourier
synthesis are shown in Fig. 3. In general, a typical bilayer
arrangement can be deduced from the calculated profiles. Both,
PI and PII exhibit two maxima at the outer edges of the py(x),
which indicate the presence of molecular groups with a positive
neutron scattering length, i.e. the head groups of SA and CER
[NP]. In the central bilayer region at x = 0 A, both profiles
exhibit minima, indicating a high density of atoms with negative
neutron scattering length (i.e. the methylene groups and terminal
methyl groups of the lipid alkyl chains). The shape of the
membrane profile with the maxima located at xpy = d/2 suggests
a very small intermembrane space with a thin water layer present
as reported previously.'® The latter preferentially applies for PI,
whose head group region features maxima with different inten-
sities at the three D,O contrasts studied (Fig. 3A). In contrast,
the insensitivity of the head group region of PII to D,O contrast
variation becomes apparent in the stable maxima of the py(x),
suggesting the absence of exchanged deuterium in that region,
and consequently the absence of interlamellar water (Fig. 3B). To
further underline this finding, we calculated the water distribu-
tion py(x) across the lamellar unit cell according to ref. 18 for
both PI and PII using eqn (3):

pwlx) = P50%D,0 — P8%D,0 3)

The pw(x) presented in Fig. 3C prove that there is practically
no water present in the interlamellar space of PII. Accordingly,
the observed increase of d for PII at 80 °C does not result from
swelling. In contrast, the two maxima in p(x) of PI reveal the
presence of a certain amount of free water in the head group
region exchanged by D,0. These findings underline the
completely different hydration characteristics of PI and PII.
However, it remains unclear from the present data whether
a considerable interlamellar hydration of PII is possible after
a longer equilibration time, e.g. several days.

Taking into account former reports in the literature, it is most
likely that PII is constituted by crystalline phase-separated CER
[NP]. Raudenkolb et al investigated pure CER[NP] in water by
X-ray diffraction and reported almost identical lamellar spacings
and temperature-dependent changes,'* as we observed for PIL

Although several studies proved that ternary systems of CER[NP],
CHOL and free fatty acid are well miscible,'**® we assume that PII
is exclusively formed by segregated ceramide. However, the
incorporation of a certain amount of CHOL into the lamellar
phase PII cannot be ruled out from the experimental diffraction
data. In order to definitely elucidate this, the application of
specifically deuterated SC lipids might be helpful. As shown
previously,?*** selective deuterium labelling allows for the direct
localization of the deuterated compounds inside the model bilayers.
The coexisting phase PI at 32 °C could either be phase-separated
fatty acid,*" or is made up of SA besides the other membrane
components. In the first case, the observed formation of a one-
phase system at 80 °C and 58% RH would originate from fluid-
ization of the SA-rich phase and subsequent melting (melting point
of SA: about 68 °C*). In the latter case, an improved miscibility of
the SC lipids at increased temperature could account for the
formation of one single phase at 80 °C and 58% RH.

In the remaining lamellar arrangement of PII, the rigid and
lipophilic CER[NP] forms the stabilizing bilayer backbone.
Former reports regarding the water impermeability of films
composed of CER[NP],'® and the inaccessibility of the head
group region for deuterium exchange may confirm the
assumption of pure CER[NP] constituting PII, and corroborate
our experimental finding of lacking contrast variation in that
phase. A possible explanation is provided by the results of
Dabhlen and Pascher*? who stated a V-shaped CER conformation
for N-tetracosanoyl-phytosphingosine with the alkyl chains of
asymmetric length pointing in opposite directions and the
hydrophilic head group being located in the apex of the angle of
101°. Such a structural conception based on CER[NP] out-
stretching its two alkyl chains in opposite directions is likewise
possible for PII of the ternary model membrane studied here and
would explain the lacking contrast variation, with the small
ceramide head group shielded from hydration by the out-
stretched alkyl chains and by the inter- and intramolecular
network of hydrogen bonds described for phytosphingosine-type
CERs.*** The lacking response of PII to D,O contrast variation
has not been reported before for the CER[AP]-based,*! or other
CER-based SC lipid model membranes. We therefore conclude
that the respective CER species present in the model system
influences the lamellar structure and the SC lipid arrangement to
a high extent. In addition, the V-shaped CER conformation
could also account for the slightly larger d-spacing of PII at 80 °C
by expansion of the chain angle.

Due to the low affinity of CER[NP] based model membranes
to water, it seems likely that the more humid vapour of 99% RH

Table 2 The amplitudes of the structure factors Fj, calculated for PII of the multilamellar sample containing CER[NP], CHOL and SA (mass ratio 55/

25/20) at 32 °C and 58% RH

8% D»,O 50% DO 100% D,O
Structure Structure
Diffraction order Structure factor Error factor Error factor Error
L1 74.16 0.35 73.36 0.23 71.60 0.12
L2 44.83 0.73 45.80 0.55 44.10 0.46
L3 50.82 0.92 50.79 0.89 49.74 0.28
L4 17.50 1.13 17.93 1.03 16.45 0.62
L5 2491 1.14 24.42 0.95 24.66 0.82

This journal is © The Royal Society of Chemistry 2012
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induces a distinct hydration pressure to the SC lipids assembled
in PII. This would provide a possible explanation for the
observed reversible segregation of PI at 80 °C and 99% RH.
While presumably a large fraction of CER[NP] remains as PII
being still inaccessible for hydration, at least a part of the
ceramide and the other model membrane components with
a higher affinity to hydration, particularly the fatty acid,
presumably form the re-appearing lamellar phase PI at 80 °C and
99% RH. Fig. 4 displays a sketch of the assumed SC lipid
assembly of PI and PII at 80 °C and RH 99%. The well-defined
diffraction peaks and the state of high lamellar order of PI
despite the high temperature suggest that a certain amount of
CERJ[NP] is incorporated into this phase besides CHOL and SA.
The repeat distance is increased by about 1 Ain comparison to PI
at 32 °C, and D,O contrast variation results in increasing
structure factor amplitudes. This finding indicates that the
interlamellar space is hydrated to a certain extent in this phase. In
order to allow for such a hydration, the ceramide molecules need
to exhibit a less densely packed assembly in comparison to PII.
This could be possible due to a significantly weakened hydrogen
bond network of the ceramide head group at higher temperature.
At this point, it is not clear whether a chain flip resulting in
a hair-pin conformation of the ceramide molecules being repor-
ted before for the related phytosphingosine-based CER[AP]
under excess water'”'® is likewise possible for CER[NP].
However, at 80 °C and excess hydration, significant changes in
the lateral packing behaviour of the CER[NP] were reported
previously with reorganization from orthorhombic to hexagonal
chain packing. It was concluded that changes in the hydrogen
bond network account for these changes.’® These findings may
explain the re-occurrence of a stable and well-ordered lamellar
phase at high temperature and high humidity, as reported in the
present work.
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Fig. 4 Sketch of the assumed lamellar lipid assembly present in the
phase-separated domains of PI and PII in the ternary SC lipid model
membrane containing CER[NP], CHOL and SA at 80 °C and 99% RH.
While PII is constituted by crystalline CER[NP] showing a V-shaped
conformation, PI is formed by CER[NP], SA and CHOL.

@»e coo. @—— sA CERINP]

To summarize, we observed a stable and dense bilayer
assembly with surprising characteristics upon hydration and
heating which suggest a V-shaped CER conformation, and co-
existence of two lamellar phases. The distinct properties of CER
[NP] probably account for the poorly hydrated but highly
ordered bilayer organization present in the investigated SC lipid
model membrane. From these findings, we conclude a protruding
influence of the phytosphingosine-type ceramides for the proper
formation of a stable SC bilayer structure.

3.2. 2H NMR spectroscopy on CER[NP]/cholesterol/stearic
acid and CERJAP]/cholesterol/stearic acid

The morphology of the bilayer structure in the presence of CER
[NP] was further corroborated by ’H NMR spectroscopy on
either perdeuterated SA-dss or partially deuterated cholesterol-d;
in the ternary mixtures. Typical H NMR spectra are shown in
Fig. 5. In the CER[NP] containing mixture, the H NMR
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spectrum of stearic acid shows the typical superposition of Pake
doublets indicative of a lamellar and fluid phase state at 80 °C
(A) and mainly 32 °C (B). However, at a temperature of 32 °C
some molecules in the CER[NP] mixture are in the ordered phase
as indicated from a broad plateau underneath the spectrum with
a width of approximately +65 kHz. The ’H NMR spectrum of
cholesterol-d; (C) is dominated by a narrow quadrupolar split-
ting from the two methyl groups at C26 and C27 and a larger
splitting coming from the deuteron attached to C25.

In the CER[AP] containing mixture, the ?H NMR spectrum of
stearic acid at 32 °C (E) represents the superposition of a highly
ordered phase with part of the molecules in a more fluid state,
however, not comparable to a true liquid-crystalline phase state
as shown at 80 °C (D). As again can be seen from a broad plateau
underneath the spectrum some molecules are in an ordered phase
in the CER[AP] mixture even at the high temperature. The *H
NMR spectrum of cholesterol-d; is again very similar to that in
the ternary mixture with CER[NP].

The *H NMR spectra do not show any indications that either
SA or cholesterol would be present in more than just one phase.
If either of the molecules was contained in both the PI and the PII
phases, we would have detected two sets of quadrupolar split-
tings for each deuteron, which was clearly not the case but has
been described in the literature.***” This supports the model that
attributes stearic acid and cholesterol to one of the lamellar
phases, PI, with no exchange between the two phases (see Fig. 4).
While the cholesterol spectra are identical in both mixtures, the
ones attributed to the stearic acid vary more significantly
between the two systems. Presumably, the structural assembly of
the fatty acid is affected to a higher extent by the respective CER
species, than the cholesterol. While CER[NP] appears to prefer
a fluid phase state, the CER[AP] stabilizes a more rigid gel-like
state. This reflects the structural differences of the two molecules.

More structural insights into the PI phase can be obtained
from the analysis of the order parameter profiles derived from
the ?H NMR spectra of SA-dss, which are shown in Fig. 6. All
order parameters are relatively high and thus indicative of

M b /f\J"\\‘
J/\\ yJ\\/L
Quadrupolar Spllttlng/ kHz

]

Quadrupolar Splmlng/ kHz

Quadrupolar Spllttmg/ kHz

i

Quadrupolar Spllttlng/ kHz

Fig. 5 *H NMR spectra of CER[NP)/CHOL/SA-d;s at 80 °C (A) and 32
°C (B), CER[NP)/CHOL-d/SA at 80 °C (C), CER[AP)/CHOL/SA-d;s at
80 °C (D) and 32 °C (E), CER[AP)/CHOL-d;/SA at 80 °C (F).

a tightly packed lamellar structural arrangement. This supports
the results received from the neutron diffraction experiments and
underlines the high state of lamellar order, which is based on the
presence of the CER species. Although the mixture containing
CERJAP] appears to stabilize the gel state, at 80 °C it shows
lower order parameters than the mixture containing CER[NP].
Highest order parameters are shown for the CER[NP] containing
mixture at 32 °C, while the corresponding spectrum of the CER
[AP] containing mixture could not be analysed due to the high
proportion of a gel state.

Significantly increased order parameters were measured for
SA-ds5 in the mixture containing CER[NP] compared to CER
[AP]. The reason for the higher state of order in the presence of
CER[NP] compared to the ternary system composed of CER
[AP] could be the a-hydroxyl group present in the amide bound
stearic acid of CER[AP]. Although phytosphingosine-based
ceramides are known to form a strong inter- and intra-molecular
hydrogen bond network, also the localization of the hydroxyl
groups involved in this network plays a crucial role: while the
vicinal hydroxyl groups of CER[NP] and CER[AP] are impor-
tant for the formation of intermolecular interactions, the
a-hydroxy group only present in CER[AP] was found to
somehow weaken the head group interaction between the SC
lipids.*® This influence was corroborated by the ’H NMR results
since the order parameter profiles show higher order parameters
for the CER[NP] based model system (Fig. 6).

The NMR order parameters further allow the calculation of
geometric parameters for the molecular packing in phase PI (see
Table 3).* The stearic acid chains are very much elongated
requiring a minimal cross-sectional area in the mixture with CER
[NP]. In the mixture with CER[AP], the stearic acid chains are
more disordered, however, they still represent a rigid extended
conformation. From these geometrical parameters, the fraction
of gauche conformers in each chain can be calculated® and is also
given in Table 3. In the most rigid conformation, stearic acid on
average only features ~2.2 gauche defects, which agrees with
a very well ordered free fatty acid. This all confirms the model,
according to which the stearic acid is forced into a more rigid and
ordered structure when CER[NP] is present: the longer alkyl
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Fig. 6 Order parameter profiles obtained from the 2H NMR spectra for
the stearic acid in CER[NP)/CHOL/SA-d5s and in CER[AP)/CHOL/SA-
dss at a temperature of 32 °C and 80 °C.
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Table 3 Calculated geometric parameters: mean interfacial area of one
chain (4) and the chain extent (L.“) for the deuterated hydrocarbon chain
of SA in the investigated samples

Gauche conformers

TI°C AIA? LA per chain
NP/CHOL/SA-d;5 80 25.2 16.8 32

32 225 17.9 22
AP/CHOL/SA-d;s 80 25.9 15.9 4.0

32 7(1 76{ 7(1

¢ Parameters could not be calculated due to the presence of the gel phase
state.

chain extent indicates the prevalence of trans conformers, and the
smaller area per molecule likewise suggests a more dense packing
in comparison with the CER[AP] based system.

In conclusion, SA-dss experiences a distinct influence from the
respective CER species present in the mixture. This furthermore
supports our assumption considering the molecular arrangement
of the SC lipids in this model system based on a V-shaped
conformation of CER[NP].

4. Conclusions

The present study investigated ternary SC lipid models con-
taining the phytosphingosine-based CER[NP], CHOL and the
fatty acid SA. We explored the influence of this sphingolipid
species on the lamellar lipid assembly and investigated the
samples by means of neutron diffraction and *H NMR spec-
troscopy. Our results indicate that in the presence of CER[NP],
phase separation occurs, and a highly ordered lamellar SC model
system is formed. Even at high temperature, the system exhibits
bilayers with a densely packed and stable lamellar backbone.
From the present data, we conclude that the phytosphingosine-
type CER[NP] exerts a dominating influence on the structure of
the ternary SC model: it prevents the model membrane from
significant hydration and swelling, probably due to intense intra-
and intermolecular head group interactions. Furthermore, it
appears that model membranes based on CER[NP] exhibit
a completely different temperature-dependent behaviour and
different hydration characteristics, when compared to the closely
related CER[AP] described in preceding studies.?”*' Thus, the
CER head group apparently has a significant influence on the
arrangement of the membrane lipids. The absence of only one
OH group in the CER molecule leads to drastic structural
changes as reported here. The interdisciplinary approach of our
present study highlights the importance of applying combined
techniques in order to elucidate the influence of particular CER
species on the structural arrangement of simplistic SC lipid
model membranes.

Abbreviations

SC Stratum corneum

CER Ceramide

CER[NP] N-(Nonhydroxyoctadecanoyl)-
phytosphingosine

CERJAP] N-(a-Hydroxyoctadecanoyl)-
phytosphingosine

CER[EOS] 30-Linoyloxy-triacontanoic acid-[(2S,3R)-1,3-
dihydroxyocta-dec-4-enyl]-amide

FFA Free fatty acid

SA Stearic acid

CHOL Cholesterol

NSLD Neutron scattering length density

RH Relative humidity
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