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The stratum corneum (SC) plays a fundamental role in the barrier function of the skin. The SC consists of
corneocytes embedded in a lipid matrix. The main lipid classes in the lipid matrix are ceramides (CERs), choles-
terol (CHOL) and free fatty acids (FFAs). The aim of this study was to examine the effect of the chain length of
FFAs on the thermotropic phase behavior and mixing properties of SC lipids. Fourier transform infrared spectros-
copy and Raman imaging spectroscopy were used to study the mixing properties using either protonated or deu-
terated FFAs. We selected SC model lipid mixtures containing only a single CER, CHOL and either a single FFA or a
mixture of FFAs mimicking the FFA SC composition. The single CER consists of a sphingoid base with 18 carbon
atoms and an acyl chain with a chain length of 24 carbon atoms. When using lignoceric acid (24 carbon
atoms) or a mixture of FFAs, the CER and FFAs participated in mixed crystals, but hydration of the mixtures in-
duced a slight phase separation between CER and FFA. The mixed crystalline structures did not phase separate
during storage even up to a time period of 3 months. When using palmitic acid (16 carbon atoms), a slight
phase separation was observed between FFA and CER. This phase separation was clearly enhanced during hydra-
tion and storage. In conclusion, the thermotropic phase behavior and the mixing properties of the SC lipid mix-
tures were shown to strongly depend on the chain length and chain length distribution of FFAs, while hydration
enhanced the phase separation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A primary function of the skin is to serve as a physical barrier in
order to control the influences from the environment. This skin barrier
is accomplished by the remarkably outermost layer of the skin; the stra-
tum corneum (SC). It consists of dead cells (the corneocytes) embedded
in a lipid matrix and the SC structure is often compared to a brick wall, in
which the corneocytes are the bricks and the lipid matrix is the mortar
[1]. The lipid matrix forms a continuous intercellular pathway in the SC
which is considered to be an important route for the diffusion of sub-
stances across the SC [2]. The main lipid classes in the SC are ceramides
(referred to as CERs), cholesterol (CHOL) and free fatty acids (referred
to as FFAs) [3,4]. X-ray diffraction studies revealed that the lipids are or-
ganized in two coexisting lamellar phases with repeat distances of ap-
proximately 13 nm and 6 nm, referred to as the long periodicity phase
(LPP) and the short periodicity phase (SPP), respectively [5]. At the
human skin surface temperature, approximately 32 °C, the lipids within
the lipid lamellae are organized mainly in an orthorhombic lateral pack-
ing, although a small population of lipids most probably also forms a
hexagonal and/or a liquid lateral packing. The lamellar and lateral

* Corresponding author.
E-mail address: bouwstra@lacdr.leidenuniv.nl (J.A. Bouwstra).

http://dx.doi.org/10.1016/j.bbamem.2014.02.009
0005-2736/© 2014 Elsevier B.V. All rights reserved.

lipid organizations are considered to play an important role in the skin
barrier function [6-8]. When focusing on the lipid composition, a wide
distribution of FFA chain lengths are present in human SC. The most
abundant chain lengths of the FFAs are 22, 24 and 26 carbon atoms,
while FFAs with 16, 18 and 20 carbon atoms are less abundantly present
[9]. As far as the CERs are concerned, twelve subclasses of CERs have
been identified in human SC [10]. All CER subclasses are composed of
a sphingoid base linked via an amide bond to a fatty acid. The various
CER subclasses differ by the number of hydroxy groups in acyl chain
and/or the number of OH groups and the presence of an unsaturated
bonding. In addition in the SC each CER subclass shows a large distribu-
tion in chain lengths.

To understand the complex relationship among the skin barrier
function, lipid organization and lipid composition, SC lipid mixtures
have been studied. The composition of these models ranged from mix-
tures with a single CER, a single FFA and CHOL to mixtures comprising
of complex multi-components of CERs, CHOL and FFAs [11-17]. Despite
a large number of studies, little is known about the stability of these sys-
tems in time. Furthermore, it has been reported that the equimolar
CERs/CHOL/FFAs mixtures form an orthorhombic lattice in which the
CERs and FFAs participate in one lattice [11-13], while other papers re-
port phase separation in other often less complex SC lipid model sys-
tems [14-17]. This may occur, either due to a difference in composition
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of the mixtures and/or a difference in the preparation method.
When focusing on the composition, CERs and FFAs have at least
two factors which may affect phase separation, that is a variation
in molecular architecture of the CERs and a variation in chain length
distribution of CERs and FFAs.

The present study focuses on the thermotropic behavior and the
mixing properties of the lipid mixtures during preparation and the
physical stability of the lipid mixtures during hydration and storage.
The lipid organization and the mixing behavior of the model mixtures
were examined by Fourier transform infrared (FTIR) spectroscopy and
Raman imaging spectroscopy. For the lipid composition a single CER
with either a single FFA or a mixture of FFAs were selected. We chose
the most abundant CER in the SC comprised of a non-hydroxy fatty
acid (N) with a chain length of 24 carbon atoms linked to a sphingoid
base (S) with 18 carbon atoms, referred to as CER NS [13,18]. For the
FFAs either a chain length of 24C atoms (FFA24:0), 16C atoms
(FFA16:0) or a complex mixture varying in chain length between
FFA16:0 and FFA24:0 was used. This FFA mixture was also used in pre-
vious studies [13,18]. Our studies show that the mixing properties
strongly depend on the chain length of the FFA and that hydration of
the SC lipid mixtures enhances phase separation between FFA and
CERNS.

2. Materials and methods
2.1. Chemicals

The synthetic CER NS(C24) was generously provided by Evonik
(Essen, Germany). The CER classification system is according to Motta
et al. [19]. The perdeuterated FFA (referred to as DFFA) with chain
lengths of C18:0 and C20:0 were purchased from Cambridge Isotope
Laboratories (Andover, Massachusetts). The DFFA with chain lengths
of C16:0 and C22:0 were obtained from Larodan (Malmé, Sweden).
The DFFA with a chain length of C24:0 was obtained from Arc Laborato-
ries B.V. (Apeldoorn, The Netherlands). Cholesterol and acetate buffer
salts were provided by Sigma-Aldrich Chemie GmbH (Schnelldorf,
Germany). All organic solvents were manufactured by Labscan Ltd.
(Dublin, Ireland). All chemicals used were of analytical grade.

2.2. Preparation of the lipid mixtures

Mixtures prepared in equimolar ratios of CER NS/CHOL/FFAs, CER
NS/CHOL/FFA(C24) and CER NS/CHOL/FFA(C16) and their deuterated
counterparts were prepared. The FFAs mixture consisted of fatty acids
with chain lengths of C16:0, C18:0, C20:0, C22:0 and C24:0 in a molar
ratio of 1.8%, 4.0%, 7.6%, 47.8% and 38.9%, respectively, mimicking the
FFA composition in the SC [20].

2.3. Lipid mixtures for kinetic studies using FTIR

The preparation of lipid membranes on an AgBr window was per-
formed as published elsewhere [13]. Briefly, lipids were dissolved in a
mixture of chloroform/methanol and subsequently sprayed on the
AgBr window using a Linomat IV (CAMAG, Muttenz, Switzerland).
After spraying and drying, the lipid film was sandwiched between two
AgBr windows and inserted in the FTIR device. Then the mixture
underwent a thermal treatment as shown in Fig. 1. Shortly after
spraying (P1 in Fig. 1) the sample was heated and subsequently equili-
brated for 10 min at 90 °C. Then, the sample was cooled down to 20 °C
(P2 in Fig. 1) and was kept for 10 min at this temperature. This heating/
cooling cycle was repeated once more. The subsequent heating cycles
were referred to as equilibration 1st (Eq1) and 2nd (Eq2). After the
2nd cycle and equilibration at 20 °C one of AgBr windows was removed
and the sample was covered with 25 pl of a deuterated acetate buffer at
pH 5 (50 mM). The deuterated buffer was used to avoid interference of
the broad OH vibration peak with the CH, stretching vibrations in the
FTIR spectrum. After hydration the sample was again sandwiched be-
tween AgBr windows and sealed with silicon glue to prevent dehydra-
tion. The sample was incubated for about 10 h at 37 °C and inserted in
the FTIR device, after which the sample was cooled to 0 °C and subse-
quently heated to 90 °C. This heating process after hydration is referred
to as Hyd. Then the sample was cooled to 20 °C. This point is referred to
as After-Hyd (P6 in Fig. 1). During the heating and equilibration process
FTIR spectra were monitored. Each spectrum was measured during
2 min. Subsequently, only the perdeuterated samples were stored at
room temperature for 3 months to examine whether time-dependent
changes occurred. The stored samples were measured by FTIR at regular
time intervals at 20 °C (P7, P8 and P9 in Fig. 1).

2.4. FTIR measurements

All spectra were acquired on a Varian670 FTIR spectrometer (Varian
Medical Systems, Inc.) equipped with a broad-band mercury cadmium
telluride (MCT) detector. The sample was under continuous dry air
purge for 30 min before data acquisition. The spectra were collected in
transmission mode, as a coaddition of 134 scans (during Eq1 and Eq2)
and 269 scans (during Hyd) at 1 cm™! resolution. The lipid phase be-
havior during the equilibration process was examined between 20 °C
and 90 °C during heating. The heating and cooling rates were 0.5 °C/
min and 1.0 °C/min, respectively. After hydration at 37 °C, the sample
was cooled to 0 °C, and was heated to 90 °C with a rate of 0.25 °C/
min. Subsequently, the sample was cooled to 20 °C with a rate of
2.0 °C/min or 0.5 °C/min. The equilibration and hydration measure-
ments were carried out with a time resolution of 120 s and 240 s, re-
spectively. Time-dependent measurements were recorded with 128
scans at 1 cm™ ! resolution at 20 °C. The software used was Varian
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Fig. 1. Scheme of temperature controls and time dependence measurements including measurement points (P1 to P9).
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Resolutions Pro. All the samples for investigating the thermal phase be-
havior were measured three times and the time-dependent changes
were investigated at least twice.

2.5. Interpretation of FTIR spectrum

FTIR permits to monitor the conformational ordering and miscibility of
the lipids within the crystalline packing [21,22]. In particular, the use of
protonated and perdeuterated lipids allows simultaneous evaluation of
the packing and miscibility properties of different classes of lipids in one
lipid mixture. In this study we used perdeuterated free fatty acids. We
focus on several vibrational modes providing information on the ordering
and lateral packing of the hydrocarbon chains. The symmetric CH,
stretching (2846-2855 cm™ ') and CD, stretching (2085-2100 cm™ ')
modes provide information about the conformational order-disor-
der transitions (referred to as vsCH, and vsCD,). Information on the
packing of the carbon chains perpendicular to the chain direction is ob-
tained from the CH, and CD, scissoring modes (referred to as 6CH,
(1462-1473 cm™ ') and 6CD-, (1085-1095 cm™')). When the chains
are in a crystalline orthorhombic lattice, the adjacent chains in scissor-
ing and rocking modes interact via a short-range coupling, resulting in
a broadening or splitting of the contours. The width of the splitting
band is indicative of the domain size of the orthorhombic lattice [23].
However, when deuterated and protonated chains are mixed in one lat-
tice, the chains will not interact and the vibrational coupling will not
occur. Consequently, the splitting of the peak in the scissoring region
of the spectrum will disappear [24]. Therefore, in an orthorhombic lat-
tice, elimination of the coupling after replacing protonated lipids by
deuterated ones is indicative of participation of the deuterated and pro-
tonated lipid classes in one lattice. In general, a phase transition temper-
ature, for example the onset of the melting point, of a protonated
chemical starts at a slightly higher temperature than that of the deuter-
ated counterparts. In the FFA mixture used in this study this difference
is 4 °C. However, as we deal mainly with FFA and CER that participate in
the same lattice and we are focusing on mixing and not on the phase
transition temperatures, the deuteration of FFA will not influence the
outcome of our studies. Furthermore, it is a prerequisite to use the
DFFA in order to investigate the mixing property between CER and FFA.

2.6. Determining the midpoint temperature of the phase transition in FTIR
spectrum

In FTIR, the frequency of the vsCH, is indicative for the conforma-
tional ordering of the lipid chains: a higher wavenumber is indicative
for an increased disordering. When plotting the maximum of the
vsCH, vibration as a function of temperature, two lipid phase transitions
can be detected in the lipid mixtures, the orthorhombic (OR)-hexago-
nal (HEX) phase transition and the hexagonal-liquid (LIQ) phase tran-
sition. The midpoint temperatures of the OR-HEX phase transition
(Tor-nex) and HEX-LIQ phase transition (Tugx-1iq) were determined
by fitting with five (two transitions) or three linear functions (single
transition) to use a six-pair-parameter or a four-pair-parameter of
the temperature and frequency, respectively. As one example,
when fitting data of the vsCH, vibrations in Hyd of the protonated
sample with five linear functions, the first and last parameters of
the temperature were fixed at 0 °C and 90 °C, respectively. Tor-Hex
was defined by the midpoint between the temperatures of the
second and third parameters, and the temperature width of the
OR-HEX phase transition (TWor_pex) Was defined by the difference
in the temperature of the second and third parameters. Similarly,
Tuex-Liq Was defined as the midpoint between the temperatures of
the fourth and fifth parameters, while the temperature width of
the HEX-LIQ (TWhex-Liq) was the difference in temperature of the
fourth and fifth parameters.

2.7. Evaluation of the peak width of vsCH» and vsCD, modes in FTIR

To evaluate the peak width of the vsCH, mode, the v,CH, peak was
base line-corrected between 2825 cm™ ! and 2875 cm™ ! and was nor-
malized by the maximum intensity value. This data treatment was car-
ried out without smoothing of the spectrum. Similarly, the vsCD, peak
was base line-corrected between 2065 cm™ ! and 2120 cm™ ! and was
normalized by the maximum intensity value.

2.8. Raman imaging spectroscopy

For Raman imaging spectroscopy, the equimolar CER NS/CHOL/
DFFAs and CER NS/CHOL/DFFA(C16) were selected. The sample prepa-
ration was slightly different from that used for the FTIR measurements,
but closely mimicked that corresponding to the RI1 (twice heating and
cooling) and RI2 (an additional 10 min hydration at 37 °C) in Fig. 1.
(1) A cover glass was used as a substrate for spraying the lipid mixtures.
(2) The equilibration was carried out in an aluminum container on a
heater. The heating to 90 °C and the cooling to room temperature took
an approximately 40 min and 60 min, respectively. (3) The sample
was hydrated overnight at a temperature of 20 °C. Each sample was
prepared twice and measured with Raman spectroscopy.

2.9. Raman imaging measurements

We used a confocal Raman microspectrometer (Nanofinder ®30,
Tokyo Instrument Inc.). The 632.8 nm line of a He-Ne laser (MellesGriot
05-LHP-928) was focused on a sample. At the sample position the laser
power was approximately 8 mW. A 100 x objective (Nikon, S Fluor)
with a numerical aperture (NA) of 1.3 was used. The backward Raman
scattering was collected by the same objective. After passing through
a 100 um pinhole, the scattered light was introduced into the spectrom-
eter and detected by a CCD detector (Andor DU401A BR-DD). All the
spectra were background subtracted and intensity-corrected. In the
Raman mapping measurement, the excitation laser spot scanned a sam-
ple surface area of 30 um x 30 um. The laser spot was translated by
galvano-mirrors horizontally with a 1 um step in both x and y directions.
Spatial resolution is less than 1 pm in the lateral direction. The exposure
time for each spectrum was 1 s. In each sample two or three different
areas were measured.

2.10. Visualization method of Raman spectroscopy

All spectral were processed (i.e., baseline correction and peak area
calculations) with Igor Pro software (WaveMetrics). Three peaks,
700 cm™ ! (ring breathing from CHOL), 1300 cm™ ! (CH, twisting from
CER NS) and 2100 cm™! (CD, stretching from DFFA (DFFAs or
DFFA(C16))), were used for Raman mapping. The peak area of CER
was calculated after subtraction of linear baseline in the region of inter-
est. Subsequently, the peak area was normalized by the maximum peak
area of CER in all spectra. Peak areas of CHOL and DFFA were treated
with the same method as that of CER.

3. Results
3.1. Thermal behavior of the stretching vibrations of SC lipid models

Fig. 2(A), (B) and (C) show the thermal behavior of the vsCH, vibra-
tions of CER NS/CHOL/DFFAs during the various heating processes, that
is Eq1, Eq2 and Hyd, respectively. The v4CH, vibrations at 20 °C of Eq1,
Eq2 and Hyd are 2851.2 cm™ !, 2850.4 cm™ ! and 2850.0 cm™ !, respec-
tively. The vsCH, vibrations below 2850 cm™ ' indicate highly ordered
hydrocarbon chains. Upon heating, the v,CH, vibration shifts toward a
higher wavenumber. Overall, two shifts can be identified. The first
small shift, between 20 °C and 30 °C, suggests an OR-HEX phase change
[13]. This small shift is not visible in the curve of the thermotropic
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Fig. 2. Thermotropic response of the CER NS/CHOL/DFFAs and CER NS/CHOL/DFFA(C16) mixtures as probed with the vsCH, and vsCD, vibrations. (®) vsCH; band position, (O) vsCD, band
position. (A) 1st equilibration, (B) 2nd equilibration and (C) hydration for the CER NS/CHOL/DFFAs. (D) 1st equilibration, (E) 2nd equilibration and (F) hydration for the CER NS/CHOL/
DFFA(C16). Each data point represents the mean 4 S.D. (standard deviation) of three experiments.

response in Fig. 2(A). The second strong shift is between 50 °C and 75 °C
and is indicative for an order-disorder phase change [13]. These phase
transitions have also been observed by wide-angle X-ray diffraction.
However, in the previous study the transition temperatures are slightly
different due to a difference in sample composition [25].

Simultaneously the vibrations of the DFFA are monitored in the
infrared spectrum. Fig. 2(A), (B) and (C) depict the vsCD, vibration as
a function of temperature of CER NS/CHOL/DFFAs. Below 50 °C, the
frequency of this vibration is lower than 2089 cm™ ! in the three heating
curves, suggesting that also acyl chains of the DFFA are highly ordered
[14,26]. Upon heating, the v,CD, vibration shifts gradually toward a
higher wavenumber. A major shift appears between 50 °C and 70 °C,
demonstrating an order-disorder phase change [13].

When comparing the order-disorder transition of the protonated and
deuterated chains, this phase change occurs in almost the same temper-
ature range. This suggests an associated phase change of the protonated
and deuterated chains. Between 20 °C and 30 °C, small shifts of the
vsCH, vibrations are observed, while no changes in the v;CD- vibrations
are detected. It has been reported that the vsCD, vibration is less sensitive
for such an OR-HEX phase transition than the vsCH, vibration [13].

When comparing the heating curves reflecting the different stages of
the sample preparation process, the v{CH, and v;CD, vibrations demon-
strate a very similar thermal behavior with three small differences. First,
the order-disorder phase transition temperature of Hyd in the vsCH,
vibration shows a small shift to lower temperatures than those in the curves
of Eq1 and Eq2. The temperature range in which this phase transition of hy-
drated lipids (Hyd) occurs is decreased by about 7 °C compared to that of
dry lipid mixtures (Eq1 and Eq2), see arrows (Tuex-uq) in Fig. 1. Second,
the wavenumbers of the vsCH, vibrations in the low temperature range de-
creases in the sequence Eq1, Eq2 and Hyd, while the vCD, vibrations are
almost the same among the three samples. Third, minor but significant
changes are observed in the width and wavenumber of the vCH, peak at
temperatures below the OR-HEX phase transition, see Fig. 3(A). The
vsCH, spectrum of Eq1 shows a broader peak compared to those of Eq2
and Hyd and the peak-top wavenumber of Eq1 is slightly higher than
those of Eq2 and Hyd. However, no significant difference is observed in
the vCD, spectra at 20 °C when comparing Eq1, Eq2 and Hyd, see Fig. 3(B).

When replacing the DFFAs by the single fatty acids DFFA(C24) the
thermal behavior of the vsCH, vibration is similar to that of the CER
NS/CHOL/DFFAs (data not shown).
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Fig. 3. Infrared spectra of the CER NS/CHOL/DFFAs and CER NS/CHOL/DFFA(C16) mixtures. (A) The spectra of the vsCH, vibration and (B) the spectra of the vsCD, vibration for the CER NS/
CHOL/DFFAs. (C) The spectra of the v;CH, vibration and (D) the spectra of the vCD, vibration for the CER NS/CHOL/DFFA(C16). All spectra are collected at 20 °C in Eq1 (solid line), Eq2

(dotted line) and Hyd (broken line).

Fig. 2(D), (E) and (F) show the thermal behavior of the vsCH, and
vsCD, vibrations of CER NS/CHOL/DFFA(C16) of the three heating
runs, which are clearly different from those of CER NS/CHOL/DFFAs
and CER NS/CHOL/DFFA(C24). The vsCH, and vsCD, vibrations in Eq1
are characterized by only one shift between 60-80 °C (2850.3 to
2853.6 cm™ ') and 40-80 °C (2089.5 to 2097.2 cm~ '), respectively.
This indicates different order-disorder temperature ranges of the
vsCH; and vsCD,, vibrations, and thus a less associated phase change of
the protonated and deuterated chains. This means that the thermotrop-
ic behavior of DFFA(C16) and CER NS in this temperature range are dif-
ferent. A similar thermotropic behavior is observed in Eq2 and Hyd, see
Fig. 2(E) and (F). However, there is also a difference among Eq1, Eq2 and
Hyd. This concerns the slight temporary shift to lower v,CH, wave-
number in the spectrum during Eq2 and Hyd in the temperature
range 45-60 °C and 45-50 °C, respectively, which is not observed in
the spectrum of Eq1. The vsCH, vibrations at 20 °C of Eq1, Eq2 and

Table 1

Hyd are 2850.3 cm ™!, 2850.8 cm™ ! and 2849.4 cm ™, respectively. It
is the same tendency as observed with the CER NS/CHOL/DFFA(C24),
that is the vsCH, wavenumber of Hyd is lower than that of Eq1 and
Eq2 in the CER NS/CHOL/DFFA(C16). Fig. 3(C) and (D) show the v,CH,
and v,CD,, spectra at 20 °Cin all processes, P1, P3 and P5 in Fig. 1. No sig-
nificant difference of the peak width is observed between the spectra.

3.2. Shift of OR-HEX and HEX-LIQ phase transition temperatures

Table 1 shows the phase transition temperatures and the tempera-
ture ranges of the phase transition of the partially perdeuterated and
fully protonated samples during the Hyd. When DFFAs in CER NS/
CHOL/DFFAs replaces DFFA(C24), the Tor_pex increases by about 2 °C
and the TWogr_pex decreases by 1 °C. This tendency in perdeuterated
FFA containing samples is similar to that in protonated samples. When
focusing on the Tugx-niq and TWyex-uq in the vsCH, and vsCD,

Phase transition temperature after hydration. The CH, and CD, stretching plots are fitted with N-linear functions to determine the phase transition temperature and the temperature width
of phase transition (N = 5 for the vCH, vibration of CER NS/CHOL/DFFAs and CER NS/CHOL/DFFA(C24), N = 3 for the vsCH; vibration of CER NS/CHOL/DFFA(C16) and the vsCD, vibration

of three compositions).

Sample composition Vibration mode

Phase transition temperature [°C]

Temperature width of phase transition [°C]

Tor-HEX SD. ThEx-LiQ S.D. TWor-HEX SD. TWHhEex-Liq S.D.
Totally-protonated samples
CER NS/CHOL/FFAs vsCH, 26.8 0.7 63.5 5.2 86 12 125 4.7
CER NS/CHOL/FFA(C24) vsCH, 30.2 03 64.1 0.7 58 0.6 7.3 21
CER NS/CHOL/FFA(C16) vsCH, - - 58.6 0.5 - - 10.7 35
Perdeuterated samples
CER NS/CHOL/DFFAs vsCH, 26.1 05 65.5 8.0 6.2 0.6 10.8 7.1
vsCD, - - 61.1 17 - - 8.6 18
CER NS/CHOL/DFFA(C24) v,CH, 28.0 1.8 62.5 2.7 5.1 04 127 7.1
(D, - - 613 19 - - 3.6 19
CER NS/CHOL/DFFA(C16) vsCH, - - 63.0 9.0 - - 126 74
vsCD, - - 492 5.2 - - 249 64
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Fig. 4. Infrared spectra at 20 °C during Eq1, Eq2 and Hyd of the CER NS/CHOL/FFAs or CER NS/CHOL/DFFAs mixtures. The spectra of Eq1, Eq2 and Hyd of each sample correspond to the
measurement points of P1, P3 and P5 in Fig. 1, respectively. (A) The spectra of the 5CH, vibrations of the CER NS/CHOL/FFAs mixtures. (B) The spectra of the 6CH, vibrations of the CER
NS/CHOL/DFFAs mixtures. (C) The spectra of the 8CD, vibrations of the CER NS/CHOL/DFFAs mixtures.

vibrations observed with the perdeuterated and fully protonated sam-
ples, no significant changes are observed, most probably also due to
the larger standard deviations in the Tygx-1iq and TWygx_1iq values.
However, in the CER NS/CHOL/DFFA(C16), the Tygx-1iq of the vsCD, vi-
bration is lower than that of the vsCH, vibration, which is due to the in-
dividual phase change of the protonated and deuterated chains, see
Fig. 2(D), (E) and (F). The Tygx-uq of the v,CH, vibration in the CER
NS/CHOL/FFA(C16) is about 58.6 °C, which may be induced by the indi-
vidual phase change of the protonated chains of CER NS and FFA(C16).

3.3. Thermal behavior of the lateral packing of SC lipid models

Fig. 4(A) shows the 6CH, spectra at 20 °C of the three heating runs of
the equimolar CER NS/CHOL/FFA mixture at P1, P3 and P5, see Fig. 1. A
slight splitting with peak positions at 1463.2 and 1473.0 cm ™~ ! is already
observed at P1 and P3. This demonstrates that a subpopulation of lipids
forms an OR lattice. As the magnitude of the CH, splitting almost
approaches the maximum value of 11 cm~! large domains with an OR
organization are formed [23]. However, as the dip between the peaks
is not very steep, a substantial level of lipids is forming a HEX lateral
packing. A clearer splitting, however, is observed at P5, that is after hy-
dration. This suggests an increased level of lipids forming an OR phase.
Upon heating, the spectra of three heating scans start to change to a
broad peak at 28-30 °C (Eq1 and Eq2) and at 26-28 °C (Hyd). The vibra-
tions turn into a singlet at 32-36 °C (Eq1 and Eq2) and at 30-34 °C
(Hyd), indicating the formation of only a HEX phase.

In order to determine whether a change in fatty acid composition
affects the mixing properties of CER NS and FFAs, the scissoring vibra-
tions in the spectrum of the mixtures containing deuterated FFA were
also examined. Fig. 4(B) and (C) show the 6CH; and &CD, spectra at
20 °C at P1, P3 and P5, see Fig. 1. When focusing on the 8CD, of the
DFFA and the 6CH, vibrations during Eq1 and Eq2, a single broad vibra-
tion is observed, which slightly increases in width after Hyd (P5). As no
clear splitting is observed, no large phase separated OR domains of
DFFAs exist in the mixture. Upon heating, the 6CD, and 6CH, spectra
of Equilibration (Eq1 and Eq2) and Hyd turn into a singlet at 26-30 °C
and 24-28 °C, respectively. This is in a similar temperature range as in
the fully protonated mixtures, see Table 1. Our results suggest that the
CER NS and DFFA participate in the same OR lattice in the equimolar
CER NS/CHOL/DFFAs.

The 6CH, and 6CD, vibrations of the CERs/CHOL/FFA(C24) and CER
NS/CHOL/DFFA(C24) mixtures are very similar to those described for
the FFA and DFFA containing mixtures. However, the Tor_yex and

Thex-Liq are slightly shifted to higher values. These results suggest that
these lipid mixtures also form mixed crystals (data not shown).

The 6CH, spectra of the CER NS/CHOL/FFA(C16) has also been exam-
ined. Fig. 5(A) shows the 8CH; spectra at 20 °C at P1, P3 and P5 in Fig. 1.
A slight splitting of the positions at 1465.5 and 1471.5 cm™ ' is observed
at P1. This demonstrates a coexistence of OR and HEX phases. Upon
heating (Eq1), the spectra turn into a singlet at 38-46 °C, suggesting a
phase transition to the HEX phase (data not shown). The 6CH, spectrum
at 20 °C (P3) of Eq2 shows a broad single peak at 1468 cm ™!, indicating
the presence of mainly a HEX phase. The 8CH, spectrum at 20 °C (P5) of
the Hyd shows a weak splitting at 1464 and 1474 cm™ !, characteristic
for the formation of domains with OR phase. However as the curve in
between the two peaks is not very steep, a high level of the lipids are
forming a HEX phase.

In order to examine whether the chain length matters for the mixing
behavior the CER NS/CHOL/DFFA(C16) is also examined. Fig. 5(B) and
(C) exhibit the 8CH, and &CD, spectra at 20 °C at P1, P3 and P5 in
Fig. 1. In the 6CD, spectrum of the mixture at P1, three peaks are ob-
served, a doublet located at 1086 and 1092 cm™ !, indicative for phase
separation of the DFFA(C16) in an OR lattice and a weak singlet at
1089 cm~ !, suggesting that a fraction of DFFA(C16) and CER NS also
mix. The 56CH, and 6CD, spectra at P3 show both a singlet peak at
1468 and 1089 cm™ !, respectively. As the FTIR spectrum of the CER
NS/CHOL/FFA(C16) mixture also shows a HEX packing, but DFFA(C16)
at 20 °C forms an orthorhombic lattice (see Discussion), our results
suggest that DFFA(C16) is not phase separating in DFFA(C16) domains
during the 2nd equilibration. However, interestingly, after hydration
drastic changes are noticed. The spectra of the 8CH, and 6CD,, vibrations
exhibit quite broad vibration bands, the 6CD, of which consists of three
peaks (a slightly splitting peak and a weak single peak), respectively.
These spectra of Hyd suggest that hydration enhances the phase separa-
tion between DFFA(C16) and CER in the mixture.

3.4. Direct visualization of lipid domains in SC lipid model

Fig. 6(A), (B) and (C) show Raman images, Map®(CER NS),
MapP(CHOL) and MapP(DFFAs) (the superscript D refers to the non-
hydrated state of the lipid mixture), of the non-hydrated equimolar
CER NS/CHOL/DFFA mixtures (RI1 in Fig. 1). The three maps show a
rather homogeneous distribution, suggesting that the three lipid classes
form a rather homogenous mixture, although some segregation occurs.
Raman images were also monitored after hydration (RI2 in Fig. 1),
which are shown in Fig. 6(D), (E) and (F). Several domains enriched
in CHOL are observed in Map"(CHOL), while several domains with a
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Fig. 5. Infrared spectra of the CER NS/CHOL/FFA(C16) and CER NS/CHOL/DFFA(C16) mixtures. The spectra of Eq1, Eq2 and Hyd of each sample correspond to the measurement points of P1,
P3 and P5 in Fig. 1, respectively. (A) The spectra of the 5CH, vibrations of the CER NS/CHOL/FFA(C16) mixtures. (B) The spectra of the 56CH, vibrations of the CER NS/CHOL/DFFA(C16)

mixtures. (C) The spectra of the 8CD, vibrations of the CER NS/CHOL/DFFA(C16) mixtures.

decreased level in CER NS and DFFAs are observed in Map"'(CER NS) and
Map"(DFFAs), respectively (the superscript H refers to the hydrated
state of the lipid mixture). Although the CHOL-rich domains correspond
to the CER NS-poor and DFFAs-poor domains, the CER NS and DFFA
show a rather homogeneous distribution. The reproducibility of results
was confirmed by measuring at least two samples.

Fig. 7(A), (B) and (C) show the three maps of the non-hydrated equi-
molar CER NS/CHOL/DFFA(C16) mixture (RI1 in Fig. 1). Each map shows
large regions enriched (lighter) or diminished (darker) in each of the
lipid classes. However, the contrast between the lighter and darker re-
gions is not so strong, indicating that the lipid mixture demonstrates a
similar deviation in homogeneous distribution for all three components.
After hydration, however (see Fig. 7(D), (E) and (F)), several domains
enriched in CHOL are observed in the Map"(CHOL), corresponding to
several domains diminished in CER NS and DFFA(C16) observed in the
Map"(CER NS) and Map"(DFFAs), respectively. The reproducibility of
results was confirmed by measuring at least two samples.

3.5. Time-dependent change of lipid organization in SC lipid models

We also examined whether the mixing properties of hydrated mix-
tures change when exposed to higher temperature or storage. Fig. 8
shows the contours of the 6CD, and 8CH, vibrations in the hydrated
CER NS/CHOL/DFFAs and CER NS/CHOL/DFFA(C16). Each figure includes
5 spectra, which show the spectra at P5, P6, P7, P8 and P9 (see schematic
view in Fig. 1), corresponding to Hyd, After-Hyd, 1 month After-Hyd,
2 months After-Hyd and 3 months After-Hyd, respectively. Broad
peaks in the 8CD, and 6CH, vibrations in all spectra of the CER NS/
CHOL/DFFAs demonstrate that the lipid mixture do not phase separate,
even during 3 months storage, see Fig. 8(A) and (B), except that the
broad peaks of the 6CD, and 8CH, vibrations in the spectrum of the
After-Hyd are somewhat sharper compared with that in the Hyd.
When replacing DFFAs by DFFA(C24) the time-dependent change of
the contours of the 6CD, and 6CH, vibrations in the CER NS/CHOL/
DFFA(C24) remains very similar (data not shown).
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Fig. 6. Raman images corresponding to CER NS, CHOL and DFFAs for the CER NS/CHOL/DFFAs collected over an area 30 x 30 um?. 2nd equilibration process (A-C) and hydration process

(D-F).
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Fig. 7. Raman images corresponding to CER NS, CHOL and DFFA(C16) for the CER NS/CHOL/DFFA(C16) collected over an area 30 x 30 um?. 2nd equilibration process (A-C) and hydration

process (D-F).

The spectrum of the CER NS/CHOL/DFFA(C16) mixture reveals
broad peaks in the 8CD, and 6CH, vibrations of the After-Hyd, see
Fig. 8(C) and (D). As at 20 °C pure DFFA(C16) forms an OR lattice
(see Fig. 9) the presence of a singlet indicates that DFFA does not
phase separate due to the heating and equilibration at elevated tem-
perature. After storage for 1 month, however, three clear peaks are
observed of the 6CD, vibrations, while a broad peak is observed of
the 6CH, vibrations. The spectra of 2 and 3 months After-Hyd are
similar to that of 1 month After-Hyd. This demonstrates that the
DFFA(C16) phase separates, while a small fraction of CER NS induces
the formation of an OR lateral packing.

4. Discussion

To understand the lipid phase behavior in the SC in detail, model
lipid mixtures have been examined varying from one component sys-
tems to multicomponent systems. However, until now no direct com-
parison has been made between simplified mixtures and complex
mixtures on the lipid phase behavior. In this study, we focused on the
effect of i) the complexity of the FFA mixture and ii) the mismatch of hy-
drocarbon chains between CER and FFA on their mixing properties. In
addition we studied the effect of i) heating and cooling, ii) hydration
and iii) storage on the lipid phase behavior.

4.1. Equilibration induces highly ordered alkyl chains of CER which forms
the mixed crystal

The ordering of the hydrocarbon chains are measured by frequencies
of the vsCH, and vsCD, vibrations. These are conformation-sensitive,
that is depending on the ratio of the trans-gauche conformations in
the alkyl chains [15,27]. In this study three heating and cooling process-
es were performed and Eq1 and Eq2 were measured with the lipid mix-
tures in a dry state, while the 3rd heating/cooling process (Hyd) was
with the lipid mixture in a hydrated state. During Eq1 and subsequent
cooling of CER NS/CHOL/DFFAs and CER NS/CHOL/DFFA(C24) the
vsCH; vibrations at 20 °C changed compared to prior heating: a decrease
in peak width and a small shift in wavenumber to lower values are ob-
served. The obtained vsCH, contours show that after Eq1 and cooling
the acyl chains of CER NS are already a tightly packed fully extended
highly ordered all-trans conformation. No significant difference in the
vsCD, vibrations at 20 °C is observed before and after Eq1. This may be
due to a decreased sensitivity of the vsCD, vibrations to small changes

in the conformation of the deuterated chain, which is also demonstrated
by the absence of the OR-HEX transition in the thermotropic vsCD,
spectra. In contrast, no significant difference in the peak width of the
vsCH, vibrations in all processes is observed in the CER NS/CHOL/
DFFA(C16). The peak width is narrow and the peak position is below
1089 cm™ !, suggesting that CER NS exists in the all-trans conformation.

4.2. The mismatch between FFAs and the acyl chain of CER NS is a determinant
factor for phase separation

When comparing the mixing properties of the CER NS/CHOL/
DFFA(C24) and CER NS/CHOL/DFFA(C16), clear differences are ob-
served. The spectra of CER NS/CHOL/DFFA(C24) show single 8CH, and
8CD,, vibrations during the sample equilibration and hydration proce-
dure. As 6CH; of the CER NS/CHOL/FFA(C24) mixtures show a splitting
in the contours, this indicates that CER NS/CHOL/DFFA(C24) form
mixed crystals, in which a subpopulation of lipids forms an orthorhom-
bic lateral packing. The spectra of the CER NS/CHOL/DFFA(C16) mixture
at 20 °C during Eq1 and Hyd exhibit a tendency of phase separation. As
pure DFFA(C16) shows a clear splitting at 20 °C, demonstrating the
presence of an OR phase, see Fig. 9, the splitting in 6CD, vibration in
the spectra of the CER NS/CHOL/DFFA(C16) mixture is due to phase
separated DFFA(C16). This indicates that the slight splitting of the
8CH; contour in the protonated CER NS/CHOL/DFFA(C16) during
Eq1 and Hyd is likely due to domains of phase separated FFA(C16)
surrounded by lipids forming a hexagonal lateral packing. The differ-
ences between the FFA(C24) and FFA(C16) containing mixtures
strongly suggests that a mismatch of chain length of the acyl chain
of CER NS and the FFA chain is a determinant factor for phase separa-
tion. This is of interest as the sphingoid base chain being C18 in chain
length and thus matching more closely the chain length with DFFA(C16)
than with DFFA(C24) seems to play a less prominent role in the mixing
properties. Furthermore, very recently we also observed that in the SC
lipid membrane CHOL can compensate for FFA(C24), the acyl chain of
which straddles the unit cell center [28]. This may also enhance the
mixing properties within the lipid layer. In a previous paper, it has
also been reported that the phase behavior, the lipid mixing properties
and the transition temperatures strongly depend on the FFA chain
length in ternary model lipid mixtures. However, in those studies CER
from bovine brain were used having a chain length distribution of acyl
chain [26].
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Fig. 8. Time-dependent change of the contours of the 6CD, and 6CH; 6 °C. From top to the bottom Hyd (P5), After-Hyd (P6), 1 month after (P7), 2 months after (P8) and 3 months after
(P9). (A) The spectra of the 5CD-, vibrations of the CER NS/CHOL/DFFAs. (B) The spectra of the 8CH, vibrations of the CER NS/CHOL/DFFAs. (C) The spectra of the 6CD, vibrations of the CER

NS/CHOL/DFFA(C16). (B) The spectra of the 6CH, vibrations of the CER NS/CHOL/DFFA(C16).

When extrapolating our results to the lipids in the human SC, always
a wide variation in chain length is observed. Therefore, a pahse separa-
tion between CERs and FFAs is not expected to occur. However, when in
diseased skin a high level of short chain FFAs is present in the SC [29],
our data suggest that there is an increased chance for phase separation
between CERs and FFAs.

4.3. Hydration is a driving force for phase separation

When comparing the 6CH, vibration in the spectrum of CER NS/
CHOL/FFA(C16) and CER NS/CHOL/FFA(C24) before and after hydration,
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Fig. 9. FTIR spectrum of the 5CD, vibrations of the DFFA(C16) collected at 20 °C in Eq2.

also clear differences are observed: hydration induces a broadening of
the 6CH, and 6CD, vibrations of the CER NS/CHOL/DFFAs and CER NS/
CHOL/DFFA(C24) and a splitting of these vibrations in the spectra of
the CER NS/CHOL/DFFA(C16) mixtures. This suggests that in mixtures
prepared with CER NS hydration induces phase separation, but the
degree of phase separation depends on the FFA chain length. The
phase separation induced by hydration is also observed in the
Raman images: while a rather homogeneous distribution of three
components, CER NS, CHOL and DFFA(C16) is observed before hy-
dration, domains of each of the components are more prominently
present after hydration.

There is also an interesting observation when focusing on the phase
behavior during storage of the CER NS/CHOL/DFFA(C16) mixture. While
after hydration the DFFA(C16) phase separates to some extent, subse-
quent heating and cooling of the mixture enhances the degree of mixing
of CER NS and FFA(C16). However, this mixing is only temporary as dur-
ing the successive storage phase separation is observed already after
1 month storage. It seems that in a hydrated state the equilibrium situ-
ation in this mixture is a moderate phase separation between FFA(C16)
and CER NS.

4.4. Hydration of lipid mixtures causes a reduction in transition temperature
of the OR-HEX transition

The lipid mixtures of the CER NS/CHOL/FFAs and CER NS/CHOL/
FFA(C24) form mixed OR crystals. After hydration the mid-temperature
of the OR-HEX phase transition decreases 2-3 °C. Previous studies also
have reported that the hydration of human SC reduces the phase
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transition temperature of the intercellular lipids to decrease by 5-8 °C
[30-32]. Therefore our data show a similar trend to that observed in
the SC. This decrease in phase transition temperature was also observed
for the CER NS/CHOL/FFA(C16). We speculate that this shift in transi-
tion temperature may be due to a weakening of hydrogen bonds
between the opposing head groups of the lipid bilayers due to incor-
poration of a small amount of water into the neighboring layers of
head groups. There is indeed evidence for the presence of low levels
of water between the head group regions: i) X-ray diffraction stud-
ies indicated a slight swelling of the short periodicity lamellar phase
in human SC and hairless mouse SC [33,34] and ii) it is reported that
in lipid model systems around 2 molecules of water are present per lipid
molecule [35].

4.5. The chain length distribution of FFA affects the phase transition
temperature of the lipid mixture

In this study, the presence FFA(C24) increases the Tor_yex and de-
creases TWogr_pex compared to the lipid mixture containing the FFAs
with wide variations in chain lengths. In a previous study, the influence
of the FFA chain length in the thermal phase behavior of SC lipid models
has been investigated and showed that FFA with a shorter chain length
results in a lower Tor_pex phase transition [26]. Therefore most likely,
the presence of shorter fatty acids in the FFA mixture is responsible
for the reduction in the Tor_yex phase transition temperature of the
mixed crystal.

4.6. Mixing after spraying and phase separation after hydration are stable,
while mixing after heating may be not an equilibrium situation

Unexpectedly, the broad peaks of the 56CH, and 8CD, vibrations at 20
°C of Eq1 (Fig. 1, P1) in the CER NS/CHOL/DFFAs and CER NS/CHOL/
DFFA(C24) indicate that these lipid mixtures form a mixed crystal
phase even after spraying the lipids on the AgBr crystal without any
heating—cooling process. These mixtures do not show significant chang-
es in FTIR spectrum during subsequent equilibration and hydration
steps. In contrast to this, the phase separation in the CER NS/CHOL/
DFFA(C16) mixture is sensitive to the history of the sample. This sug-
gests that the matching of the chain lengths of FFA and acyl chains
of the CER NS might be an important factor for the stability of the
ternary SC lipid models. Several papers have investigated the kinet-
ics of lipid mixtures by FTIR [14,17,36-37]. SC lipid models pre-
pared from CER/CHOL/DFFA(C18) (this CER is a CER NS or CER AS
with an acyl chain length of either C18:0, C24:0 and C24:1) showed
the presence of phase separated domains in time, even though a
mixed crystal was formed just after rapidly cooling, similarly as
we noticed in our studies after hydration of the CER NS/CHOL/
DFFA(C16) mixture [36]. These reported time-dependent changes
depended on hydration, lipid composition and thermal history of
the sample.

5. Conclusions

The present study shows the thermotropic phase behavior and
mixing properties of CER NS/CHOL/FFA mixtures during preparation
and storage of the ternary SC lipid mixtures. The heating/cooling
curves, the hydration of lipid mixtures and the storage induce
changes in the mixing properties that were highly dependent on
the composition of the FFAs. While in a complex mixture of FFA
and a single FFA(C24) only minor and similar effects were observed,
in mixtures containing FFA(C16) phase separation was observed
after hydration and long term storage. As the acyl chain of CER NS
is C24, it seems that matching of the chain length of FFA and acyl
chain of CER promotes the mixing. Our studies demonstrate that
the thermotropic phase behavior and the mixing properties of

lipid mixtures strongly depend on the chain length and the hydra-
tion state of the lipid mixtures.
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