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The lipid matrix in the stratum corneum (SC) plays an important role in the barrier function of the skin. The main
lipid classes in this lipid matrix are ceramides (CERs), cholesterol (CHOL) and free fatty acids (FFAs). The aim of
this study was to determine whether a variation in CER subclass composition and chain length distribution of
FFAs affect the permeability of this matrix. To examine this, we make use of lipid model membranes, referred
to as stratum corneum substitute (SCS). We prepared SCS containing i) single CER subclass with either a single
Keywords: FFA or a mixture of FFAs and CHOL, or ii) a mixture of various CER subclasses with either a single FFA or a mixture
Stratum corneum of FFAs and CHOL. In vitro permeation studies were performed using ethyl-p-aminobenzoic acid (E-PABA) as a
skin model drug. The flux of E-PABA across the SCS containing the mixture of FFAs was higher than that across the
Lipid organization SCS containing a single FA with a chain length of 24 C atoms (FA C24), while the E-PABA flux was not effected
Permeation by the CER composition. To select the underlying factors for the changes in permeability, the SCSs were examined
Barrier function by Fourier transform infrared spectroscopy (FTIR) and Small angle X-ray scattering (SAXS). All lipid models dem-
onstrated a similar phase behavior. However, when focusing on the conformational ordering of the individual FFA
chains, the shorter chain FFA (with a chain length of 16, 18 or 20 C atoms forming only 11 m/m% of the total FFA
level) had a higher conformational disordering, while the conformational ordering of the chains of the CER and FA
(24 and FA C22 hardly did not change irrespective of the composition of the SCS. In conclusion, the conformation-
al mobility of the short chain FFAs present only at low levels in the model SC lipid membranes has a great impact
on the permeability of E-PABA.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The outermost layer of the skin is the stratum corneum (SC), which
consists of dead cells (the corneocytes) surrounded by a lipid matrix
(intercellular lipid). This matrix is mainly composed of ceramides
(CERs), cholesterol (CHOL) and free fatty acids (FFAs) [1,2]. The lipid
matrix is considered to provide a diffusion pathway across the SC for
foreign substances that are applied onto the skin [3]. The lipids are orga-
nized in two coexisting lamellar phases: the short periodicity phase
(SPP) with a periodicity of approximately 6 nm, and the long periodicity
phase (LPP) with a periodicity of approximately 13 nm [4,5]. Consider-
ing the lateral packing within the lipid lamellar at the human skin sur-
face temperature (approximately 32 °C), the lipids are organized
mainly in an orthorhombic packing, although a low level of lipids
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forms also a hexagonal or even a liquid crystalline packing. As an impor-
tant penetration pathway is along the lipid matrix, the lipid organiza-
tion is considered to play a crucial role in the skin barrier function [6-
8]. As far as the fatty acid composition in human SC is concerned, a
wide distribution of FFA chain lengths has been observed. The most
abundant chain lengths of the FFA mixture are 22, 24 and 26 carbon
atoms [9]. In addition an increasing number of CER subclasses has
been identified [10-12]. The CER subclasses differ from each other by
the head group architecture and acyl chain length distribution.

Several groups study the fundamental interactions between single
CER, CHOL and FFA [13-18]. However, when mimicking the SC lipid
composition and organization more complex mixtures are required.
These complex compositions has been used in SC lipid model mem-
branes to examine the relationship between the SC lipid barrier func-
tion, lipid organization and lipid composition [19]. Using these lipid
membranes, referred to as stratum corneum substitutes (SCS), it was re-
ported that a reduction in FFA mean chain length results in a change in
the long range ordering with a predominant hexagonal packing at 32 °C
and an increased permeability [20]. In these mixtures, there was a sub-
stantial increase in the level of FFA with a chain length of 16 and 18
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carbon atoms, and a reduction in the level with 24 carbon atoms mim-
icking the FFA composition in cultured skin. In another study, the effect
of acyl chain length of CER NS (a non-hydroxy fatty acid (N) linked to a
sphingoid base (S)) on the permeability has been reported [21] and it
was shown that longer acyl chains in the CER NS subclass also present
in the SC are essential for maintaining the barrier in these lipid mem-
branes. However, in these report permeability changes are only ob-
served with very short chains. Finally, it was also observed that SCS
prepared with CERs isolated from pig skin resulted in a much higher
permeability of the SCS than a similar CER composition composed of
synthetic CERs without a chain length variation [22].

The present study focuses on whether a variation in chain length dis-
tribution of fatty acids or a variation in the CER subclass composition af-
fects the permeability of the SCS. This is of interest as both, a wider
distribution in chain lengths and a change in CER subclasses composi-
tion both occur in inflammatory skin diseases, such as atopic dermatitis,
psoriasis and Netherton syndrome patients [23-25]. To examine the
permeability of the SCSs, in vitro permeation studies were carried out
using ethyl-p-aminobenzoic acid (E-PABA). To provide information on
the underlying changes in the lipid organization responsible for these
changes, Fourier transform infrared spectroscopy (FTIR) was used to ex-
amine the lateral packing and conformational ordering. To provide in-
formation on the lamellar phases, X-ray scattering (SAXS) studies
were performed.

Our studies show that the fatty acid chain length distribution affects
the permeability dramatically, while the head group variation of the
CER subclasses has no effect.

2. Materials and methods
2.1. Chemicals

CERs: The nomenclature of the abbreviations of the CERs used in this
study are as follows [26]. Ceramides are composed of either a sphingo-
sine (S) or a phytosphingosine (P) base having a chain length of 18 car-
bon atoms. Concerning the acyl chains linked to the sphingoid base,
these are either non-hydroxy acyl chain (N) with either a chain length
of 24 carbon atoms (C24) or with a chain length of 16 atoms (C16) or
an a-hydroxy acyl chain with a chain length of C24. The synthetic
CERs used in this study are CER NS, CER NP, CER NP(C16), CER AS and
CER AP. CER NP(C16) is an exception with a shorter chain length.
These CERs were generously provided by Evonik (Essen, Germany).

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 (Malmo, Sweden). The DFFA with
a chain length of C24:0 was obtained from Arc Laboratories B.V. (Apel-
doorn, The Netherlands). Cholesterol, ethyl-p-aminobenzoic acid (re-
ferred to as E-PABA) 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. The chemical structure is depicted in
Fig. 1. The CERs were kindly provided by Evonik (Essen, Germany).

2.2. Composition of the lipid mixtures

For the preparation of the SCS, CERs, CHOL, and FFAs were used in an
equimolar ratio. The CER subclasses were mixed in a molar ratio of
60:19:5:11:6 for CER NS: CER NP: CER AS: CER NP(C16): CER AP. This
ratio resembles very closely the CER composition in pig SC, except that
acyl CERs are not present. This specific mixture is referred to as CER .
The FFA mixture was composed of fatty acids with chain lengths
of C16:0, C18:0, C20:0, C22:0 and C24:0 in a molar ratio of
1.8:4.0:7.6:47.8:38.9 respectively, mimicking the composition in SC [27].
In total, four different model lipid mixtures were selected: (CERx/
CHOL/FFAs), (CER NS/CHOL/FFAs), (CERpy;x/CHOL/FA24) and (CER NS/

CHOL/FA24) mixtures were prepared. The FA24 is a single FFA with a
chain length of 24 C atoms. To prepare samples for FTIR and SAXD the
lipids were dissolved in chloroform/methanol (2:1, v/v) at a lipid concen-
tration of 7.5 mg/ml. For permeability studies the appropriate amount of
individual lipids was dissolved in hexane/ethanol (2:1, v/v) at a lipid con-
centration of 4.5 mg/ml.

2.3. Preparation of SCS for diffusion and X-ray diffraction studies

A 200 pl solution of lipids (4.5 mg/ml) in hexane/ethanol was
sprayed in an area of 64 mm? on a porous filter (Whatman Nuclepore
Track-Etch Membrane, pore size 0.05 um). The sample was equilibrated
for 10 min at around 80 °C close to the melting temperature of the mix-
ture under a stream of dry nitrogen. Then the sample was slowly cooled
to room temperature in about 30 min. This heating/cooling cycle was re-
peated once more. In vitro permeation studies were performed using
Permegear inline diffusion cells (Bethlehem, PA, USA) with a diffusion
area of 0.28 cm?. The porous filters with lipid membrane were mounted
in the diffusion cells and were hydrated underneath with a acceptor so-
lution for a few hours in phosphate-buffered saline pH 7.4 (PBS: NaCl,
Na,HPO,,- 12H,0 KH,P0,4 and KCl in MilliQ water with a concentration
of 8.00, 2.86, 0.20 and 0.19 g/1, respectively). The donor compartment
was filled with 1.4 ml of E-PABA solution in acetate buffer pH 5.0 at a
650 pg/ml concentration. The acceptor phase consisted of PBS
(pH 7.4), which was perfused at a flow rate of about 2 ml/h. The
acceptor phase was stirred with a magnetic stirrer. The volume of the
fractions collected per hour were determined by weighing. All experi-
ments were carried out under occlusive conditions since the opening
side of the donor compartment was closed with adhesive tape. To eval-
uate the permeability of E-PABA under the in vivo conditions, the tem-
perature of the model lipid membranes was maintained at 32 °C during
the total length of the experiment by using a thermo-stated water bath.
Fractions were collected during a period of 20 h. In addition, the perme-
ability of SCS prepared from CER NS/CHOL/FFAs and CER NS/CHOL/FA24
was also investigated at 24 °C and 36 °C. The permeation studies of all
four samples at various temperatures were replicated at least four
times.

24. FTIR studies

The 200 pl of lipid mixtures dissolved in chloroform/methanol
(7.5 mg/ml) were sprayed in an area of 100 mm? on an AgBr window
by using a Linomat IV (CAMAG, Muttenz, Switzerland). The sample
was heated to 90 °C with a rate of 0.5 °C/min and equilibrated for
10 min at 90 °C under a stream of dry air. Then, the sample was cooled
slowly to 20 °C with a rate of 1.0 °C. This heating/cooling cycle was re-
peated once more. Subsequently, the lipid membrane was covered
with 25 pl of deuterated acetate buffer pH 5.0 (50 mM) and stored at
37 °Cfor 10 h to hydrate the sample. To obtain information on the later-
al packing and conformational ordering of the lipids, all spectra were ac-
quired on a Varian 670 FT-IR spectrometer (Varian Medical Systems,
Inc.) equipped with a broad-band mercury cadmium telluride detector
(MCT). This detector is cooled by liquid nitrogen. The sample was under
continuous dry air purge starting 30 min before the data acquisition.
The spectra were collected in transmission mode, as a co-addition of
256 scans at 1 cm™ ! resolution during 4 min. In order to detect phase
transitions, the sample temperature was increased at a heating rate of
0.25 °C/min resulting in a 1 °C temperature rise per recorded spectrum.
The spectra were collected between 0 °C and 90 °C and deconvoluted
using a half-width of 4 cm™! and an enhancement factor of 1.7. The
software used was Varian resolution pro from Varian. The scanning
range was 600-4000 cm™~ ! and the resolution was 1 cm™ ', All four
samples for investigating the lipid organization were measured at
least twice.
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Fig. 1. (A) The structure of the CER subclasses. The CERs consists of an acyl chain attached to a sphingoid base through an amide linkage. (B) The structure of the ethyl-p-aminobenzoic acid

is also depicted.

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

The frequency of the v,CH; indicates the conformational ordering of
the lipid chains: a higher wavenumber indicates an increment
disordering of the lipid chains. In case of plotting the peak top 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. In this study, the midpoint temperature of the OR-HEX phase
transition was determined by fitting with three linear functions to use
a four-pair-parameter function of the temperature and frequency, re-
spectively [28].

2.6. The curve fitting of FTIR spectral

The details of scissoring curve fitting was described earlier [29].
Briefly, the scissoring contours in the FTIR spectra at 32 °C of the lipid
mixtures were fitted using the following Lorentz function for the
peaks based on the orthorhombic packing and gauss function for the
peak based on the hexagonal packing:

Lorentz function : y = (2"‘/") . {W/4(x7x0)2 + w2}

2x)?

Gauss function : y = (A/ \/TT> e
WV /2

Here the peak area is represented by A, w is the full width at its half
maximum and the center of the peak is written by Xo. The baseline cor-
rection was determined between 1455 and 1480 cm ™! region and set-
tled as a background (using the software OriginPro 8.5 from the
OriginLab Corporation, Northampton, USA). The fitting procedure
(using Python script software) minimizes the deviations between the

theoretical and experimental spectra by using the minimization algo-
rithm based on the nonlinear least square method.

2.7. SAXD studies for the analysis of lamellar organization

SAXD was used to determine in which lamellar phases the lipids as-
sembled in the SCS. The scattering intensity I was measured as function
of the scattering vector ¢ (in reciprocal nm). The latter is defined as ¢ =
(4msind)/A, in which 0 is the scattering angle and A is the wavelength.
From the positions of the peaks (q,), the periodicity of a lamellar
phase was calculated using the equation d = 2nm/q,, in which n is the
order of the diffraction peak and g, its position at the q axis. For a lamel-
lar phase all peaks are at the same interpeak distance. Data collection
was performed at the European Synchrotron Radiation Facility (ESRF,
Grenoble) using station BM26B. The sample to detector distance was
2 m and the X-ray wavelength was 0.1033 nm. Diffraction data were
collected on a PILATUS 1M detector with 1043 x 981 pixels of 172 pm
spatial resolution. The calibration of this detector was carried out
using silver behenate (d = 5.838 nm for AgBeh). One-dimensional in-
tensity profiles were obtained as described previously [29].

2.8. HPLC analysis

The fractions were analyzed using a reverse-phase high perfor-
mance liquid chromatographic (HPLC) assay. The HPLC system
consisted of a Separations high precision pump (Model 300, H.I.
Ambacht, The Netherlands) equipped with a Gilson 234 auto injector
and a Spectra SYSTEM UV2000 detector (Thermo Separation Prod-
ucts Inc., California, USA). A reversed phase C18 column (Alltima,
C-18, 5 um, 4.6 x 150 mm) was used as stationary phase. The mobile
phase for E-PABA consisted of acetonitrile and water in a ratio of
65:35. The flow rate and the detection wavelength were set to
1.0 ml/min and 286 nm, respectively. A series of standards was run
with each series of samples.
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3. Results
3.1. The FFA chain length variation affects the lipid barrier function

In Fig. 2(A) the average fluxes of E-PABA obtained at 32 °C are pro-
vided. There is no difference between the E-PABA fluxes across SCS pre-

pared using either CER NS or CERix. The average flux values between
5 h and 20 h of the CER,ix/CHOL/FFAs and CER NS/CHOL/FFAs, are

(A)32°C

30.9 + 7.6 pg/cm?/h and 30.2 + 4.6 ug/cm?/h, respectively. However,
when comparing the results obtained with SCS prepared with CER;x/
CHOL/FFAs or CER NS/CHOL/FFAs with those prepared with CERx/
CHOL/FA24 or CER NS/CHOL/FA24, the fluxes of the latter are dramati-
cally lower being only 4.9 + 1.6 pug/cm?/h and 6.7 + 1.9 pg/cm?/h, re-
spectively. This demonstrates that at 32 °C, mixtures prepared with
FFAs results in much higher fluxes than mixtures prepared with FA24.
As we questioned whether this strong effect of FFA chain length
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Fig. 2. Fluxes E-PABA across SCS at different composition and temperature (A) fluxes across SCS performed at 32 °C. The compositions of the membranes are CER y,;x/CHOL/FFAs (open
circle), CER NS/CHOL/FFAs (filled circle), CER NS/CHOL/FA24 (filled square) and CERy,x/CHOL/FA24 (open square). (B) Fluxes across SCS obtained at 24 °C through SCS composed of
CER NS/CHOL/FFAs (filled circle) and CER NS/CHOL/FA24 (open circle). (C) Fluxes across SCS obtained at 36 °C through SCS composed of CER NS/CHOL/FFAs (filled circle) and CER NS/

CHOL/FA24 (open circle).
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distribution also exists at other temperatures, flux studies were also
performed at 24 and 36 °C.

3.2. The flux of E-PABA across the lipid membranes at different
temperatures

Additional permeation studies were carried out at 24 °C and 36 °C
using SCS prepared with a mixture of either CER NS/CHOL/FFAs or CER
NS/CHOL/FA24. The fluxes are provided in Fig. 2(B) and (C) and demon-
strate an increase in E-PABA flux when increasing the temperature and
at each temperature the flux values of the CER NS/CHOL/FFAs are signif-
icantly higher than those obtained using SCS prepared of CER NS/CHOL/
FA24.The average flux values at 24 °C for the SCS prepared with CER NS/
CHOL/FFAs or CER NS/CHOL/FA24 are 11.0 & 4.8 ug/cm?/h and 1.2 +
0.7 pg/cm?/h. At 36 °C the flux of E-PABA through SCS prepared with
CER NS/CHOL/FA24 is 24.2 4+ 5.5 ug/cmz/h. The SCS prepared with
CER NS/CHOL/FFAs did not results in steady state fluxes as after around
7 h the flux starts to decrease most likely due to a depletion of the donor
phase.

3.3. Lamellar organization in SC lipid models

As striking differences in the E-PABA flux were observed when re-
placing FFAs by FA24 compared to replacing CER,;x by CER NS, it was
decided to study the lipid organization. SAXD provide information
about formation of the lamellar phases and their periodicities in the
lipid mixtures. The diffraction profiles of the mixtures varying in com-
position are provided in Fig. 3. Each diffraction pattern reveals the pres-
ence of four reflections at about g = 1.17, 1.84, 2.34 and 3.51 nm ™ ..
Three reflections correspond to the 1st, 2nd and 3rd-order diffraction
peaks of a SPP with a periodicity of 54 nm. The peak at q =
1.84 nm™ ! indicates the presence of phase separated crystalline CHOL.
The lamellar organization as determined with SAXS is very similar for
all compositions. In addition, no significant difference is observed in
the diffraction profiles of the various compositions between 24 °C and
36 °C (data not shown).

I
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(A) . -
'; e | A "
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£ |®)
=]
2| I
=
% (©)
E
E LL_J A

(D)

"-_;I\; ..&I A T
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Fig. 3. SAXD patterns of lipid mixtures. (A) CERnix/CHOL/FFAs, (B) CER NS/CHOL/FFAs,
(C) CERpyix/CHOL/FA24 and (D) CER NS/CHOL/FA24. The reflections of the SPP are
indicated by Roman numbers I, II and III. A diffraction peak from crystalline CHOL is
indicated by asterisk.

3.4. Thermal behavior of the lateral packing of various SC lipid models

The FTIR scissoring vibrations provide information about the lateral
packing [30-32]. The 8CH, (1462-1473 cm™ ') vibrations at 32 °C are
shown in Fig. 4. The spectrum reveals a weak doublet in 6CH, vibration
frequencies at around 1463 cm™~' and 1473 cm™ . This splitting is
caused by the short-range coupling of the adjacent lipid tails, indicating
the presence of an orthorhombic lateral packing. A peak at around
1468 cm™ ! indicates the presence of a hexagonal lateral packing. A
gradual increase in temperature results in a disappearance of the
splitting.

At 32 °C, the spectra of the CERy,;x/CHOL/FFAs and CER NS/CHOL/
FFAs show primarily a single peak at about 1467.7 cm™ !, which sug-
gests that the lipids mainly adopt a hexagonal phase [30]. The spectra
of the CERy,;x/CHOL/FA24 and CER NS/CHOL/FA24 show a broad peak
with a shoulder at about 1472 cm™ . This suggests the formation of hex-
agonal phase with a small fraction of lipids adapting an orthorhombic
phase [30].

When focusing on the 6CH, vibrations at 24 °C, all samples show a
clear splitting in the contours demonstrating that a part of the lipids as-
semble in an orthorhombic phase, while the 6CH, vibration at 36 °C,
only a single peak is observed. This demonstrates that lipids adopt a
hexagonal phase at this temperature (data not shown). This is in line
with the results of the stretching vibrations as function of temperature
(see Fig. 7(A) and (B)).

3.5. Lorentz and Gauss fitting of the scissoring vibration

In order to examine the contribution of the lipids forming an ortho-
rhombic and those forming a hexagonal lateral packing in the lipid mix-
tures quantitatively, the scissoring frequencies in the spectra at 32 °C
were fitted with a Lorentz (orthorhombic) or Gauss (hexagonal) func-
tion. Fig. 5 displays the original and the fitted spectra with their individ-
ual curves. The fitting of the original spectra results in COD value close to
1 which indicates an excellent peak fitting. During the fittings the posi-
tions and widths were not fixed, but varied. The area of each individual
peak contributed to the overall Lorentz and Gauss peak was calculated
(See supplement Table S1). For calculating the orthorhombic peak
area, the total area of component 1 and 3 was summed, while the area
of component 2 represents the hexagonal peak area.

The ratio between the surface area of the 8CH, contour due to lipids
assembling in an orthorhombic packing compared to that assembling in
a hexagonal packing is provide in Fig. 6. At 32 °C lipid mixtures contain-
ing FA24 shows a higher level of lipids adopting the orthorhombic pack-
ing than in lipid mixtures containing FFAs.

3.6. Thermal behavior of CH; stretching vibration of SC lipid models

Besides the lamellar phases and the lateral packing, the conforma-
tional disordering may also play a role in the barrier properties of the
SCSs. The vsCH; frequency provides information about the conforma-
tional ordering of the lipid tails in the lipid mixtures. A low
(~2848 cm™ ') wavenumber of the v,CH, indicates the presence of
mainly stretched and ordered lipid chains coinciding with a hexagonal
or orthorhombic packing, while a high (~2853 cm™!) CH, wavenumber
indicates a low conformational ordering as is present in a liquid phase
[31-35].

The vsCH, vibration of the CER,;x/CHOL/FFAs, CER NS/CHOL/FFAs,
CER,ix/CHOL/FA24 and CER NS/CHOL/FA24 mixtures in FTIR spectrum
is examined as a function of temperature and the peak positions of the
vsCH, contours as function of temperature are provided in Fig.
7(A) and (B). Two shifts can be identified for the lipid mixtures. The
first shift (between 20 °C and 30 °C) and second strong shift (between
60 °C and 75 °C) suggest the orthorhombic-hexagonal phase change
and the order-disorder phase change, respectively [30-32]. At tempera-
tures below 30 °C, the v,CH, vibrations of the lipid mixtures indicate
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Fig. 4. The 6CH, vibrations of the various lipid mixtures at 32 °C. (A) CER NS/CHOL/FA24, (B) CER NS/CHOL/FFAs, (C) CER,ix/CHOL/FA24 and (D) CER;/CHOL/FFAs at 32 °C.

highly ordered chains [31]. Only the vsCH, vibrations in the spectrum of
the CER,ix/CHOL/FFAs are slightly higher in wavenumber over the
whole temperature range, but this shift in wavenumber is not
significant.

Besides the values of the vsCH, vibrations, the phase transition tem-
peratures were also calculated. We decided to use the midpoint temper-
ature of the orthorhombic-hexagonal phase transition. The midpoint
temperature of the CER,x/CHOL/FFAs, CER NS/CHOL/FFAs, CERpix/
CHOL/FA24 and CER NS/CHOL/FA24 are 23.3 4+ 1.3 °C, 26.8 & 0.7 °C,
29.5 + 1.1 °Cand 30.2 4 0.3 °C, respectively. When comparing mixtures
containing FFAs with those containing FA24, a significant lower mid-
point temperature is observed. However, when comparing the mixtures
containing CER NS with those containing CERy;x, no significant differ-
ences are observed in midpoint temperature. The phase transition
takes place in the same temperature region at which the diffusion

(A)

0.10

— Cumulative Fit
s*e Original Data

0.08

Intensity [a.u.]
(=]
[=]
()

I
(=]
5

0.02

1460 1465 1470 1475 1480

Wavenumber [ e ']

(C) 0.35

— Cumulative Fit
ese Original Data

0.30

0.25

=]
(Y]
o

Intensity [a.u.]

1

1460 1465 1470 1475
Wavenumber [ cm ']

1480

studies were performed. This is the first indication that indeed the
vsCH, vibration of mixtures prepared with FFAs demonstrate some im-
portant differences compared to the vsCH, vibration of mixtures pre-
pared with FA24. Therefore it was decided to go into more details
concerning these vibrations.

3.7. The effect of individual FFA on the conformational ordering of SC lipid
model system in CD, asymmetric stretching vibration

In order to investigate the contribution of each individual FFA in the
mixture, protiated FFA are replaced by deuterated counterparts either en-
tirely or partially. The compositions that are used are shown in Table 1.
Fig. 8 displays the v,sCD, vibrations in the FTIR spectra of the lipid mix-
tures at three temperatures. The introduction of DFFA allows us to detect
whether these specific chains have differences in mobility and whether
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Fig. 5. Lorentz and Gauss fitting of 6CH, vibration at 32 °C. (A) CER NS/CHOL/FA24, (B) CER NS/CHOL/FFAs, (C) CERy,;x/CHOL/FA24 and (D) CER,ix/CHOL/FFAs dot line is actual curve. Red
line is fitted curve. Green line shows each curve representing either 5CH, due to lipids in a hexagonal phase (curve 2) or due to lipids in the orthorhombic phase (curve 1 and 3).



2056

1.6

0.8 -

B
_

CER NS/CHOL
/FA24
CER NS/CHOL
/FFAs
CERmix/CHOL
/FA24
CERmix/CHOL
/FFAs

Fig. 6. The ratio between the 6CH, vibrations of lipids adopting an orthorhombic phase
and the 6CH, vibrations of lipids adopting to a hexagonal packing at 32 °C.

the deuterated chains participate in one lattice with the protiated chains
or phase separate. When focusing on the mobility of the selected deuter-
ated chains in the mixtures CER y;/CHOL/FFAs(®'®P18) and CERy;,/CHOL/
FFAs(P?9), 3 relatively higher v,,CD, frequency was observed, indicating
that these chains have a higher mobility. When replacing the longer
chain FFA by their deuterated counterparts such as CER/CHOL/
FFAs(P??) and CERyix/CHOL/FFAs(®?4), a reduction in the v,,CD, wave-
number is detected, illustrating a higher conformational ordering of
these chains despite the fact that all FFAs participate in the same lattice
(no splitting of scissoring vibrations, see supplement Fig. S1). When re-
placing FA24 in the FFA mixture by the DFA24 and compare the v,,CD,
wavenumber in the spectrum of CERy/CHOL/FFAs®?*) with that in the
spectrum of CER,;x/CHOL/DFA24, in the latter there is a slightly further
reduction in the wavenumber of the v,,CD, vibration. Finally, when re-
placing CER i« by CER NS, no change in the v,sCD; is observed, illustrating
that the variation in CER composition (chain length as well as head group
variation) does not affect the v,,CD, vibrations of the deuterated FA
chains. Furthermore, the variation in chain ordering of deuterated FFA
at the 3 selected temperatures is very small. As the phase transition
from orthorhombic to hexagonal lateral packing is not detectable in
the thermotropic v,sCD, responses, the observed differences in
chain order cannot be caused by differences in packing due to an
orthorhombic-hexagonal phase transition.

3.8. The interaction of individual FFA on the conformational ordering of SC
lipid model system in CH, symmetrical vibration

The mixtures, in which differences in molecular mobility were ob-
served in the individual DFFA, were also examined by measuring vsCH,
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Table 1
The compositions of the various mixtures used in this study.

Lipid model type Composition and molar ratio (1.1.1)

CER ix/CHOL/FFAs(P16P18)  CER, . /CHOL/FFAs with FA16 and FA18 replaced by
DFA16 and DFA18

CERix/CHOL/FFAs with FA20 replaced by DFA20
CERpix/CHOL/FFAs with FA22 replaced by DFA22
CERpix/CHOL/FFAs with FA24 replaced by DFA24
CERix/CHOL/FA24 with FA24 replaced by DFA24

CER NS/CHOL/FA24 with FA24 replaced by DFA24

CER nix/CHOL/FFAs (P20)
CERmix/CHOL/FFAs(P?2)
CER mix/CHOL/FFAs(P24)
CERnix/CHOL/FA D24
CER NS/CHOL/FA D24

vibrations of selected lipids. To perform this, mixtures with a lipid com-
position were prepared as summarized in Table 2. Fig. 9 displays the
vsCH, vibration of all samples measured. When comparing the v,CH, vi-
brations in the spectrum of the mixtures CERy;/CHOL/DFFAS, CER y;x/
CHOL/DFFAs(“16€18) and CER mix/CHOL/DFFAs(“?®), no change in wave-
number is observed, indicating that the low level of FA16/18 or FA20
does not affect the conformational ordering of the CER,;x. However,
when focusing on the mixtures CERmix/CHOL/DFFAs(“?®) and CER;x/
CHOL/DFFAs(“*®) compared to CERy;x/CHOL/DFFAs, a reduction in wave-
number is observed, demonstrating a higher conformational ordering of
the FFA with longer chain, that is C22 and C24.

To examine the effect of chain length variation in FFAs on the vsCH,
vibrations attributed to CER,;x/CHOL more closely, the vsCH, vibration
of the CER pix/CHOL/DFFAs(®?*), CER ix/CHOL/DFFAs and CERx/CHOL/
FA D24 were compared (see Fig. 9). The vsCH, vibrations in the spec-
trum of the CER;x/CHOL/FA D24 and CER;/CHOL/DFFAs are very sim-
ilar, indicating an almost same mobility of the CER chains irrespective of
whether DFA24 or DFFAs have been used. In contrast, the fully proton-
ated CER,ix/CHOL/FA24 mixture shows a reduced wavenumber of
vsCH,. This demonstrates that the FA24 has a highly ordered acyl
chain packing and may be responsible for the reduced integrated
vsCH, vibration. The partially deuterated CERpmix/CHOL/DFFAs(®*%)
shows a higher v,CH, frequency, demonstrating less ordered conforma-
tional packing than the mixture that has been prepared with the single
FA24. The v,CH, frequency of the shorter chain length (C16/C18 and
C20) increases confirming the results of the short chain deuterated FA
chains. However the vsCH, frequencies of the shorter chains are difficult
to interpret as this can also be due to a change in the interchain coupling
(see discussion [36]). These observations have been made at all three
selected temperatures.

4. Discussion

In this study, we observed that a variation in chain length distribution
of FFAs affects the permeability across the SCS drastically, while a varia-
tion in CER head group architecture has no effect. Besides the change in
permeability, a small reduction in the transitions temperatures of the
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Fig. 8. The v,sCD, vibrations of the DFFAs, either DFA16 + 18, DFA20, DFA22, DFA24 all as
part of the FFA mixture. Blue line, red line and green line indicate at 24 °C, 32 °Cand 36 °C,
respectively. The abbreviations of sample are provided in the Table 1.

orthorhombic-hexagonal transition was also observed when SCS pre-
pared with the FFA mixture was compared with SCS prepared with the
single FA24. This shift in transition to lower temperatures may contribute
to a higher permeability at 24 °C and 32 °C. However, at 36 °C, both SCS
form a hexagonal lateral packing, but there is still a substantial difference
in permeability. Furthermore, using C'*> NMR these compositions were
also measured and no fluid phase was observed (Dat, Sparr et al., unpub-
lished results). Therefore more detailed information to explain the differ-
ences in permeability was required. For this reason we studied the lipid
mixtures with partially substitution of protiated FFAs by their deuterated
counterparts and vice versa. In this way it is possible to examine the
stretching vibrations of selected chains. These studies demonstrated
that i) low levels of FA16/FA18 or FA20 do not affect the mobility of the
CER chains, as the vsCH, vibrations are very similar in mixtures prepared
with DFA24 or DFFAs and ii) the mobility of the shorter chain DFA are
high compared to that of the other lipid components in the same lattice,
including DFA24: DFA24 introduced in the lipid mixture as part of FFAs or
introduced as a single FA resulted in similar v,sCD, vibrations. Most prob-
ably the v,sCD, vibrations with a higher wavenumber of the short chain
FA and thus an increased conformational mobility contribute significantly
to the increased permeability. Although deuterated chains also increase
the vsCH, vibrations of the protiated chains, the higher v,sCD,
wavenumbers of the shorter DFA chains being not sensitive for the sur-
rounding chains demonstrates that the mobility of the shorter chains
are indeed increased [36,37]. The higher mobility of the shorter chains
is an interesting phenomenon that can be extrapolated with some pre-
cautions to the observed lipid composition alterations in diseased skin
with an impaired barrier function.

Table 2

Various lipid model used in this study. The name of replaced FA is written in superscript on
the right.

Lipid model type Composition and molar ratio (1.1.1)

CER,,ix/CHOL/DFFAs CER,ix/CHOL/DFFAs with FFAs replaced by deuterated
counterparts

CERpmix/CHOL/FA D24 CERpmix/CHOL/FA24 with FA24 replaced by FA D24

CERix/CHOL/DFFAs(€'6€18)  CER,;, /CHOL/DFFAs with DFA16 and DFA18 replaced
by FA16 and FA18

CERix/CHOL/DFFAs with DFA20 replaced by FA20
CERix/CHOL/DFFAs with DFA22 replaced by FA22

CERix/CHOL/DFFAs with DFA24 replaced by FA24

CERnix/CHOL/DFFAs(€2%)
CER mix/CHOL/DFFAs(©22)
CERnix/CHOL/DFFAs(©24)
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Fig. 9. The v,CH, vibration in protonated acyl chain. DFFAs were partially replaced by
protonated FA. The sample abbreviations are shown in Table 2.

4.1. The role of fatty acid profile in the skin barrier of inflammatory skin
diseases

In inflammatory skin diseases, such as atopic dermatitis, Netherton
syndrome and psoriasis, a reduction in chain length of the lipids has
been observed [23-25,38,39]. Both skin diseases suffer from an impaired
skin barrier function. In atopic dermatitis patients it has been shown that
i) a reduction in lipid chain length correlated excellently with an im-
paired skin barrier function and ii) the major reduction in fatty acid
chain length has been caused by a higher level of shorter FFA, typically in-
creased levels of FA16 and FA18 [23]. Therefore, when extrapolating the
findings of the present study and previous studies to that observed in
atopic eczema patients, the increased level of short chain FFA may con-
tribute to a higher permeability due to an increase in the stretching vibra-
tions and thus a higher conformational disordering. Not only a shorter
chain length has been observed, but also an increase in the level of unsat-
urated fatty acids in Netherton syndrome patients and in lesional skin of
atopic dermatitis patients [23,39]. In previous studies using SCSs an in-
crease in the level of unsaturated FFA reduced the packing density in
the lipid organization, thereby increasing the permeability of hydrocorti-
sone across the SCS [40]. This demonstrates that both an increase in short
chain FFAs and an increase in the unsaturation level of the FFA may con-
tribute to the impaired skin barrier function.

4.2. The role of CER composition and chain length distribution in the skin
barrier of inflammatory skin diseases

In addition, in both atopic dermatitis patients and Netherton syn-
drome patients, a change in CER subclass composition has also been ob-
served. Our present study, however, shows that changes in the
composition of the CER subclasses play a less prominent role in the im-
paired skin barrier function as the SCS prepared with only CER NS or
with a CERix did not result in a change in permeability. In addition
no changes in the conformational ordering were observed and the tran-
sition from orthorhombic to hexagonal lateral packing occurred in the
same temperature range. Therefore an increase in CER NS and CER AS
and a reduction in the level of CER NP as observed in the inflammatory
skin diseases are not expected to have a major effect on the skin barrier
function.

As far as the ceramide chain length is concerned, only one study has
been reported that focused on the CER chain length and it was observed
that a chain length reduction increased the permeability drastically with
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the short-chain ceramide (acyl chain only 8 C atoms) compared to a lon-
ger fatty acid chain ceramide [41]. Theophylline and indomethacin were
used as model components. CERs with such very short acyl chains, how-
ever, are not observed in diseased skin. In inflammatory skin diseases, a
more subtle chain length reduction in the CERs, such as an increased
level of CERs with a total chain length of 34 C atoms (sphingoid base
and acyl chain) are encountered. This may also contribute to a higher
permeability in skin diseases and offers an interesting subject of future
research.

In our present study no acylCERs are incorporated in the SCS. These
are CERs with a very long w-hydroxy acyl chains (up to 34 C atoms) and
a linoleic acid linked to the acyl chain. The acyICERs play a crucial role in
the formation of a lamellar phase with a periodicity of around 13 nm
also present in SC. The formation of this phase is also considered to be
important for a proper skin barrier function [5,7-9]. Whether a higher
conformational disordering of the shorter fatty acids will also exist in
SCS that form the LPP remains to be established.

4.3. Increased permeability related to higher conformational disordering

It is remarkable that the increased conformational disordering of
such a small fraction of short chain fatty acids results in a drastic in-
crease in the permeability of E-PABA across the crystalline lipid organi-
zation of the SCS. Most probably this is not due to a higher solubility of
E-PABA in the SCS as the change in lipid composition is minor. It is more
likely that there is an increase in the diffusivity of the compound across
the SCS [42]. A possible mechanism is an increase in the free volume
that would facilitate the transport of the rather small molecules, such
as E-PABA across the SCS [43,44]. The increase in free volume may be
caused by either the shorter chain (C16, C18 and C20) that fits less per-
fectly in the molecular arrangement mainly consisting of C22 and C24
FFA chains. The free volume may also be increased by the higher confor-
mational disordering of these shorter FFA chains. Another possibility is a
kink formation facilitated by conformational disordering of the chains
[45,46]. The kink formation is formed by gauche-trans-gauche confor-
mations and directly associates conformational disordering. This has
been described in particularly for transport of water across crystalline
membranes. Although E-PABA is much larger in size than water, an ac-
cumulation of these kinks may increase gaps for diffusion of E-PABA in
the presence or absence of water penetration. However in our study,
we could not find evidence for kink formation in the infrared spectra
(data not shown).

4.4. Ceramide head group interactions

In the present study, we also investigated whether ceramide head
group variation affects permeability using the SCS prepared with either
single CER NS or CER,;x, respectively. However we did not notice a dif-
ference in lamellar organization, conformational ordering and mid tran-
sition temperature of orthorhombic to hexagonal phase transition. The
amide vibration in the ceramide head group and carbonyl vibration in
fatty acids were also examined with the FTIR, but no significant and sys-
tematic differences in these vibrations were observed either. Therefore
there are no indications that the head group interactions that might
be different in CER,;x and CER NS contribute to a difference in perme-
ability, although a substantial change in CER subclass composition was
used: CERix is composed of 60% CER NS and 40% other ceramide
subclasses.

5. Conclusions

In the present study we examined whether a variation in chain
length distribution of free fatty acids or/and a variation in the ceramide
subclasses affects the permeability of the model SC lipid membranes.
This work demonstrates that a low level of shorter chain FFAs, with a
chain length of C16, C18 or C20 affects the flux of E-PABA through

SCS, most probably due to a higher conformational disordering of
these shorter chain fatty acid. Furthermore, changes in ceramide com-
position did not affect permeability and conformational disordering
demonstrating that a change of CER class composition in particular
from CER NP to CER NS is not expected to contribute substantially to
an impaired lipid barrier.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.06.001.
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