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ABSTRACT

The skin barrier function is attributed to the stratum corneum (SC) intercellular
lipid matrix, which is composed primarily of ceramides (CERs), free fatty acids,
and cholesterol. These lipids are organized in two lamellar phases: the short
and long periodicity phases (SPP and LPP), respectively. The LPP is considered
important for the skin barrier function. High levels of short-chain CERs are
observed in various inflammatory skin diseases and have been correlated with
barrier dysfunction. In this research, we investigated how the increase in the
fraction of the short-chain CER with a non-hydroxy C16 acyl chain linked to a
C18 sphingosine base CER NS(C16) at the expense of the physiological chain-
length CER NS with a C24 acyl chain (CER NS(C24)) impacts the microstructure
and barrier function of a lipid model that mimicked certain characteristics
of the SC lipid organization. The permeability and lipid organization of the
model membranes were compared with that of a control model without CER
NS(C16). The permeability increased significantly when > 50% CER NS(C24) was
substituted with CER NS(C16). Employing biophysical techniques, we showed that
the lipid packing density reduced with an increasing proportion of CER NS(C16).
Substitution of 75% of CER NS(C24) by CER NS(C16) resulted in the formation
of phase-separated lipid domains and alteration of the LPP structure. Using
deuterium-labeled lipids enabled simultaneous characterization of the C24
and C16 acyl chains in the lipid models, providing insight into the mechanisms
underlying the reduced skin barrier function in diseased skin.

Keywords:

Ceramide; chain length; inflammatory skin diseases; Infrared spectroscopy;
Permeability; Stratum corneum; X-ray scattering.
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INTRODUCTION

Ceramides (CERs) are one of the main lipid classes present in the intercellular
regions of the stratum corneum (SC), which is the outermost layer of the
skin. They belong to the lipid class referred to as sphingolipids, which are
important components of biological membranes and are involved in several
biological processes including apoptosis, inflammation, cell proliferation, and
differentiation [1-5]. Together with cholesterol (CHOL) and free fatty acids (FFAs),
CERs form a crystalline lipid matrix in the SC [6-10] that creates a barrier against
the permeation of pathogenic organisms and other hazardous materials into
the body and preventing excessive water loss from inside the body [8, 11-
16]. In healthy skin, the SC lipids are organized in two lamellar phases with a
repeat distance of approximately 6 and 13 nm referred to as the short and long
periodicity phases (SPP and LPP), respectively [17-19].

The structure of the CERs in SC is unusual as it contains a long-chain fatty
acid (FA) linked by an amide bond to a sphingoid base with a chain length
of predominantly 18 carbon atoms [20, 21]. Diversity in the CER headgroup
manifests as variations in the type and degree of hydroxylation and saturation.
CERs also vary in the acyl chain length and to a lesser extent in the sphingoid
base chain length. These variations result in the heterogeneity of the CERs and
hence the numerous CER subclasses in the skin barrier [21-29]. Healthy human
skin contains predominantly long acyl chain length CERs of > 22 carbon chain
length [30].

Alterations of the CER subclass composition and CER chain length have
been reported in SC of patients of several inflammatory skin diseases including
atopic dermatitis (AD), lamellar ichthyosis, Netherton syndrome, psoriasis, and
autosomal recessive congenital ichthyosis [31-42]. With regard to chain length
variation, areduction in long-chain CER levels was reported in diseased skin. CERs
with a total chain length of 34 carbon atoms increased significantly in Netherton
syndrome and AD patients when compared with healthy individuals [31, 34, 37,
43]. Since several alterations in the lipid composition occur simultaneously in
these patients, the isolated single effect of shortened CER chain length on SC
lipid organization and barrier function cannot be determined in clinical studies.
To combat such challenges, model lipid membranes based on synthetic lipids
were developed and employed to study the relationship between specific lipid
compositional changes, lipid organization, and barrier function [44-47]. This is
attractive because the composition of the lipid model prepared with synthetic
lipids is well defined and can be altered on demand to simulate the desired
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conditions. To acquire more detailed information on the lipid arrangement, we
minimized the number of lipids. The CER subclasses used in this study are CER
EOS and CER NS. In previous studies, it was reported that the use of these CER
subclasses resulted in a lipid phase behavior mimicking important aspects of
the lipid organization in SC, such as the formation of the LPP with a primarily
orthorhombic packing [48-52]. The molecular structures and acronyms used to
denote the lipids are provided in Figure S1.

Previous investigations reported that model membranes prepared
with short-chain CERs exhibited higher permeability compared with their
counterparts containing the physiological acyl chain-length CER NS(C24) [53, 54]
and thus mimic similar consequences that are seen with diseased skin. The lower
permeability of the SC models containing CER NS(C24) compared with that of
the counterparts containing short-chain CERs was attributed to the higher
packing density of the former as determined by Fourier transformed infrared
spectroscopy (FTIR) [53]. In another study that employed H NMR spectroscopy,
CER NS(C24) containing model also exhibited a more dense orthorhombic
packing while the short-chain CER counterpart was mostly in the less dense
hexagonal phase at the skin temperature [55]. The models employed in the
above mentioned studies contained entirely long or short acyl chain CER NS,
while the diseased skin contains varying proportions of CERs with shorter acyl
chains and CERs with a long acyl chain [43]. Thus, the studies did not consider
differences in the proportions of the short-chain CERs, which may contribute to
the severity of barrier dysfunction. Furthermore, the lipid model mixtures used
in the previous studies did not contain the acylCERs such as N-(30-Linoleoyloxy-
triacontanoyl)-sphingosine (CER EOS(C30)). These acylCERs are essential for the
formation of the LPP, which is a unique trilayer lamellar structure only present
in the SC and considered important for the barrier function of the skin [56-60].
Within the lamellae, the lipids form predominantly the dense orthorhombic
packing contributing to the permeability barrier of the SC[61, 62]. Understanding
the interactions of lipids within this unique lamellar phase is therefore essential
to unravel the mechanisms and processes underlying the barrier function in
both healthy and diseased skin.

In this research, we aimed to systematically investigate how the inclusion
of various proportions of CER with a non-hydroxy C16 acyl chain linked to a
C18 sphingosine base (total chain length 34 carbon atoms) referred to as CER
NS(C16) will impact the microstructure and barrier function within the SC lipid
model. We hypothesize that the extent of the change in lipid composition and
organization contributes to the severity of barrier dysfunction. For our study,
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we prepared SC models gradually increasing in concentration of CER NS(C16) at
the expense of CER NS with an acyl chain of 24 carbon atoms (NS (C24)), and a
total chain length of 42 carbon atoms. Besides CER NS, CER EOS was also present
together with CHOL and FA(C24), one of the most prevalent FFAs in the SC [63].
The effect of the short-chain CER NS on the barrier function was evaluated by
permeation studies. While the lipid phase behavior was examined by small-
angle X-ray diffraction (SAXD) and Fourier transformed infrared spectroscopy
(FTIR). Deuterium-labeled lipids were used to provide more detailed information
on the interactions between the various molecules, including phase separation.

EXPERIMENTAL SECTION

Materials

N-(30-Linoleoyloxy-triacontanoyl)-sphingosine (CER EOS C30), N-(tetracosanoyl)-
sphingosine (CER NS (C24)), CER NS(C24) with deuterated fatty acid moiety
(D-CER NS(C24)) were gifted by Evonik (Essen, Germany). N-(palmitoyl)-
sphingosine (CERs NS(C16)) and CER NS(C16) with deuterated fatty acid moiety
(D-CER NS(C16)) were purchased from Avanti. Lignoceric acid (FA (C24)), CHOL,
ethyl-p-aminobenzoate (E-PABA), and acetate buffer salts were obtained from
Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany). FA(C24) with the acyl chain
deuterated (DFA(C24)) was purchased from Arc Laboratories B.V. (Apeldoorn, The
Netherlands). Nucleopore polycarbonate filter disks (pore size 0.05 pm) were
ordered from Whatman (Kent, UK). All organic solvents were of analytical or
high-performance liquid chromatography grade. Ultrapure water was obtained
through a Milli-Q integral water purification system with a resistivity of 18 MQ
cm at 25°C (Millipore, Bedford, MA).

Composition of the model lipid mixtures

SC lipid models were prepared from CERs, CHOL, and FA(C24) in an equimolar
ratio. The CER composition in the control model consisted of CER EOS (40 mol%
of the total CER fraction) and 60 mol% CER NS(C24). The composition with CER
EOS at 40 mol% was selected to ensure that only the LPP was formed [48-51, 64,
65]. The model was denoted as NS(C16)-0 indicating the absence of CER NS (C16).
Other models were prepared in which, 25, 50, and 75% of the total amount of
CER NS(C24) were replaced with CER NS(C16), referred to as NS(C16)-25, NS(C16)-
50, and NS(C16)-75 respectively, see table 1. Analogous models were prepared
but with FA(C24) substituted with the deuterated counterpart denoted by —-DFA
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as a suffix to the model name. Next, a set of models were prepared in which the
fatty acid chain of CER NS(C24)/CER NS(C16) in NS(C16)-50 was substituted with
the deuterated chain resulting in the models identified by the prefix D24/16-
NS. Finally, both CER NS (C24)/CER NS (C16) acyl chain and FA(C24) in NS(C16)-50
were deuterated resulting in the next set of models denoted by D24/16-NS as
prefix and DFA as the suffix. The composition of the models used in the present
study is shown in table 1.

Table 1: Composition of all of the models used in the study.

Lipid model name CER composition in a CER:CHOL:FA (C24) equimolar ratio (1:1:1)
NS(C16)-0 (control) [CER EOS(C30) 0.4 + CER NS(C24) 0.6]: CHOL: FA(C24)

NS(C16)-2 [CER EOS(C30) 0.4 + CER NS(C24) 0.45 + CER NS(C16) 0.15]: CHOL: FA(C24)
NS(C16)-50 [CER EOS(C30) 0.4 + CER NS(C24) 0.3 + CER NS(C16) 0.3]: CHOL: FA(C24)
NS(C16)-75 [CER EOS(C30) 0.4 + CER NS(C24) 0.15 + CER NS(C16) 0.45]: CHOL: FA(C24)
NS(C16)-0-DFA [CER EOS(C30) 0.4 + CER NS(C24) 0.6]: CHOL: DFA(C24)

NS(C16)-25-DFA [CER EOS(C30) 0.4 + CER NS(C24) 0.45 + CER NS(C16) 0.15]: CHOL: DFA(C24)
NS(C16)-50-DFA [CER EOS(C30) 0.4 + CER NS(C24) 0.3 + CER NS(C16) 0.3]: CHOL: DFA(C24)
NS(C16)-75-DFA [CER EOS(C30) 0.4 + CER NS(C24) 0.15 + CER NS(C16) 0.45]: CHOL: DFA(C24)
D24-NS(C16)-5 [CER EOS(C30) 0.4 + D-CER NS(C24) 0.3 + CER NS(C16) 0.3]: CHOL: FA(C24)
D16-NS(C16)-50 [CER EOS(C30) 0.4 + CER NS(C24) 0.3 + D-CER NS(C16) 0.3]: CHOL: FA(C24)
D24-NS(C16)-0-DFA [CER EOS(C30) 0.4 + D-CER NS(C24) 0.6]: CHOL: DFA(C24)
D24-NS(C16)-50-DFA [CER EOS(C30) 0.4 + D-CER NS(C24) 0.3 + CER NS(C16) 0.3]: CHOL: DFA(C24)
D16-NS(C16)-50-DFA [CER EOS(C30) 0.4 + CER NS(C24) 0.3 + D-CER NS(C16) 0.3]: CHOL: DFA(C24)

Permeability studies

To prepare the model mixtures for permeability studies, the proper amount of
the required lipids, amounting to 0.9 mg were dissolved in hexane:ethanol (2:1)
to a concentration of 4.5 mg/ml. Using a Linomat IV device, the solution was
sprayed at a rate of 14 pl/sec on nucleopore polycarbonate membranes over an
area of 10 x 10 mm?, under a gentle flow of nitrogen, resulting in an ~ 12 pm-
thick lipid layer [44]. The samples were equilibrated at 90 °C for 30 min, and then
slowly cooled to room temperature.

In-vitro permeation studies were carried out using Permegear in-line diffusion
cells (Bethlehem PA, USA) with a diffusion area of 0.28 cm?. The model membranes
were fixed in the diffusion cells and hydrated for an hour with the acceptor phase,
phosphate-buffered saline (PBS 0.1 M solution: NaCl, Na,HPO,, KH,PO, and KCl
in milli-Q water with a concentration of 8.13, 1.14, 0.20, and 0.19 g/I respectively)
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at pH 7.4 before the experiment. The PBS was filtered and degassed before use.
The donor compartment was filled with 1400 pul of a saturated E-PABA (0.65 mg/
ml) in acetate buffer solution (pH 5). The permeation experiment was performed
under occlusive conditions to prevent solvent evaporation. The acceptor phase
was perfused at a flow rate of 2 mil/h. To homogenize the acceptor phase
constant stirring was performed. An in-line degasser was incorporated to trap
air bubbles that could obstruct the flow. The temperature of the membranes
was kept constant at skin temperature (32 °C). The acceptor fluid was collected
at 1-hour intervals, over 15 h. After the diffusion experiment, the volume per
collected fraction of the acceptor phase was determined by weighing. Using
ultra performance liquid chromatography (UPLC), the concentration of E-PABA
was determined. Fick’s first law of diffusion was employed for the calculation of
E-PABA flux values [46]. E-PABA steady-state flux values were calculated at time
intervals between the 10" and 15" hour. Permeation of several samples of each
condition was analyzed n > 3, where n is the number of repeats.

UPLC analysis

UPLC was performed using Acquity UPLC systems described previously [50]. The
mobile phase comprised of a mixture of 0.1% trifluoroacetic acid in acetonitrile:
milli-Q water at 40:60 (v/v) ratio and the flow rate was 1 ml/min. The stationary
phase comprised of a 1.7 um particle-packed column with the temperature set
at 40 °C. The injection volume of 10 ul was used for the samples and solutions for
the calibration curve described previously [49]. The wavelength of the detector
was set at 286 nm and the data were acquired and processed by MassLynx and
TargetLynx software [50].

Data analysis

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software
Inc., CA, USA) to analyze the permeability and FTIR data. Statistically significant
differences between two groups were determined by two-tailed, unpaired
t-tests, while differences among groups, with each group compared to a control
column, were determined using One-way ANOVA with Dunnett’s multiple
comparison test. Data are presented as mean * standard deviation (SD).
Differences in mean are considered statistically significant when P < 0.05.

FTIR measurements

1.5mgoftheappropriate lipid composition was dissolved in chloroform:methanol
(2:1) to a concentration of 5 mg/ml and sprayed on a AgBr window. Spraying
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was performed using a Linomat IV device (Camag, Muttenz, Switzerland). The
solution was sprayed at a rate of 14 pl/sec, over an area of 10 x 10 mm?, under
a gentle flow of nitrogen. The samples were equilibrated at 90 °C for 30 min,
ensuring the complete melting of the lipid mixtures, and then slowly cooled to
room temperature. The samples were hydrated in deuterated acetate buffer (pH
5.0) and incubated at 37 °C for at least 15 h to ensure that the samples were fully
hydrated.

FTIR spectra were acquired with a Varian 670-IR spectrometer (Agilent
Technologies, Inc., Santa Clara, CA) equipped with a broad-band mercury
cadmium telluride detector. Spectra were collected in transmission mode and
generated from 256 co-added interferograms collected over 4 minata 1 cm™
resolution and analyzed using the software Agilent resolution pro (Agilent
Technologies, Palo Alto CA, USA). The sample was kept under a continuous
dry air purge, starting 30 min before data collection, and measured over a
wavenumber range of 600-4000 cm™. To determine the phase transitions in
relation to the temperature, the spectra were acquired between 0 - 90 °C at a
heating rate of 0.25 °C/ min. Deconvolution of the spectra was executed using
a half-width of 4 cm™'; an enhancement factor of 1.6 and was processed with
the Agilent resolution pro (Agilent Technologies, Palo Alto CA, USA). Due to a
closely overlapping peak, the enhancement factor was adjusted to 1.2 in the
range of the rocking frequencies. To evaluate the conformational disordering
and lateral organization, five different regions of specific vibrations on the
infrared spectrum were analyzed i) 2840 - 2860 cm™": CH, symmetric stretching
(v,CH,); i) 2080-2100 cm~": CD, symmetric stretching (v,CD,); iii) 700-750 cm~":
CH, rocking mode (pCH,); iv) 1455-1480 cm™": CH, scissoring mode (8CH,); v)
1080-1096 cm~": CD, scissoring mode (86CD,). Using the linear regression curve
fitting method, the mid-transition temperature was determined as described
previously [66]. Each composition was measured, n > 2.

SAXD studies

SAXD was employed to examine the lamellar organization. To prepare
the mixtures, 0.9 mg of the required lipid composition were dissolved in
hexane:ethanol (2:1) to a concentration of 4.5 mg/ml. The lipid solution was
sprayed over an area of 1 x 3 mm? on a nucleopore polycarbonate membrane
under a gentle flow of nitrogen at a rate of 14 pl/sec using a Linomat IV device
(Camag, Muttenz, Switzerland). The samples were equilibrated at 90 °C for
30 min, ensuring the complete melting of the lipid mixtures, and then slowly
cooled to room temperature. The samples were hydrated in an oxygen-free,
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84% relative humidity environment for 5 days at room temperature prior to data
acquisition.

The SAXD measurements were undertaken at the NCD-SWEET beamline
at the ALBA synchrotron (Barcelona, Spain). The X-ray wavelength (A) and the
sample-to-detector distances were 0.999 A and 2.148 m, respectively. The
diffraction patterns were collected using a Pilatus 1M detector that had a pixel
array of 981 x 1043, with each pixel being 172 x 172 um?. Silver behenate was
used for the calibration of the detector. The samples were measured for 20 s
at 23 °C. X-ray intensity scattered by the sample (/) was measured as a function
of the scattering vector (g), which is proportional to the angle of scattering (6)
according to the equation ¢ = 5% A lamellar phase is identified by a series
of peaks with the same interpeak distance. The repeat distance (d) of the lamellar
phase was determined from the peak positions using the equation d = 2:—: .The
order of the diffraction peak is denoted by h. The one-dimensional intensity
profiles were integrated from the beam center over a 90° segment, centered at
the beam center. The peak parameters were obtained from the SAXD patterns,
fitted with a Pearson 7 function in the software Fityk [67]. Each composition was
measured, n > 2.

RESULTS AND DISCUSSION

Permeability of the model membrane increases with the proportion
of short-chain CERs

To evaluate the impact of the increasing proportion of short acyl chain length
CERs on barrier function, we examined the effect of the gradual substitution of
CER NS(C24) by CER NS(C16) on the permeability of the SC model membrane.
In-vitro permeation studies were performed with E-PABA as the model drug.
The plot of E-PABA flux values for the various membranes is displayed in Figure
1A, while the average steady-state flux values are presented in table 2. The
average steady-state E-PABA flux was lowest across the control model NS(C16)-0
indicating good barrier capability. As the proportion of short-chain CER NS(C16)
was increased at the expense of CER NS(C24), the permeability of the model
membrane gradually increased. NS(C16)-50 and NS(C16)-75 E-PABA flux values
were significantly higher than that of the control, being ~ 3.5 and 6 times higher
respectively (Figure 1B).

In our previous study using a complex SC model mimicking the CER
composition of the native human skin, partial substitution of CER NS(C24) with
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CER NS(C16), which constituted 13% of the total CER fraction, did not result in
a significant increase in permeability [68]. Interestingly, the simple SC model,
NS(C16)-25 in which CER NS(C16) constituted 15% of the total CER fraction (table
2), did also not lead to a significant increase in permeability compared with the
control. Another study reported that in a SC model membranes containing CER
NS of varying acyl chain lengths (C2-C24), the entire substitution of C24 with C4
or C6 CER resulted in a significant increase in permeability while no significant
difference was obtained with C2, C8, C12, or C18 CER substitution [53]. In another
report, SC models prepared with CER NS(C16) were significantly more permeable
than their counterparts containing CER NS(C24) [54]. However, there was a 100%
substitution from CER NS(C24) to CER NS(C16) and an absence of CER EOS in
these models and thus no formation of the LPP, which is characteristic of the
lipid organization in the skin barrier. Our findings show that an increased level of
CER C34 which correlated with an increase in transepidermal water loss (TEWL)
in AD patients’ skin, contributes to the barrier dysfunction [31, 34]. Our results
further showed that the proportion of short-chain CERs at the expense of CER
NS(C24) dictated the extent of barrier dysfunction in our model systems.

A B—=
251 ___ Steady state flux | é‘\; 254 i
— i o il -_
‘;E 20 5 20
£ =
2 15' »
=) =
10 -+ Ns(C16)}75 =
x -+ NS(C16)-50 k]
L 951 -= NS(C16)-25 2
0 - NS(C16)-0 E
0 2 4 6 8 10 12 14 &

Time [h]

Figure 1: Permeability of the model membranes.

A) Flux of E-PABA across the model membranes over 15 h. The average steady-state flux of
E-PABA was calculated from the flux values between 10 and 15 h. B) Average steady-state flux
values. Data presented in both plots are the mean values + SD, n > 3. E-PABA steady-state flux
was significantly higher in NS(C16)-50 and NS(C16)-75 compared to that of NS(C16)-0 (control),
** (P <0.01), **** (P < 0.0001).
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Table 2: The E-PABA steady-state flux across the model membranes, the LPP repeat
distance, the midpoint temperatures of the orthorhombic-hexagonal phase transition
(Tworuex)s the ratio of the 730-720 cm™ rocking peak intensity, and the length of the
6CD, modes peak splitting (cm™)2.

Lipid model Steady-state LPP repeat 730:720cm™®  730:720cm”  6CD,modes
(Fully flux (pg/cm?/  distance MORHEX  peak intensity peakintensity peak splitting

protiated) hr) (nm) (C) ratio (10 °C) ratio (32°C) distance (cm”)
NS(C16)-0 27+11 127+£0.0 356%1.1 0.67 £0.08 0.53+0.07 34+0.2
NS(C16)-25 73£1.0 128+£0.1 37.2+£12 0.53+£0.08 0.40+0.10 41+0.2
NS(C16)-50 99+29 13.0+0.0 389£0.5 0.48+0.14 0.36 £0.17 45%0.2
NS (C16)-75 16.3+44 135+£00 391+13 0.44 £ 0.06 0.30+0.12 6.7+0.5
FA(C24) - - - 0.92 £0.05 - -

2The 8CD, mode’s peak splitting distance was obtained from the counterparts of the fully
protiated models with the FA chains deuterated (-DFA). The error was calculated as the SD.

An increasing proportion of short-chain CERs results in an altered
lamellar organization

Since the lipid organization of the SC intercellular lipid matrix is important for
the skin barrier function, we utilized the SAXD technique to provide information
about large structural units, including the repeat distances of the lamellar phases
in our models. The X-ray diffraction profiles of the lipid mixtures are displayed
in Figure 2, while the repeat distances are presented in table 2. All the models
formed predominantly the LPP attributed to the high content of CER EOS. This
is in agreement with previously investigated model lipid mixtures containing
30% CER EQOS and higher [48-51, 64, 65, 69-71]. The LPP repeat distance increased
with the proportion of CER NS(C16). The diffraction profile of NS(C16)-75 differed
remarkably from the control. Besides the increased LPP repeat distance, the 3™
order peak in NS(C16)-75 was broad, especially at the base, and had a higher
intensity than the 2" order peak, thereby deviating from the characteristic
LPP intensity distribution of the diffraction peaks [49, 72]. This may indicate an
additional structure with a first-order peak at a similar peak position as the LPPs
3 order peak. The presence of phase-separated lipids is also indicated by the
small peak positioned at q = 1.2 nm™ denoted by #. This peak may be attributed
to the 1t order diffraction =peak of pure FA(C24) by virtue of its position (Figure
S2). The additional phases in the diffraction profile of NS(C16)-75 may contain
CER NS(C16), which would result in a higher concentration of CER EOS within
the LPP, explaining the increased repeat distance in NS(C16)-75: a recent study
showed that the LPP repeat distance increased with the CER EOS concentration
[50]. All SAXD profiles revealed the presence of a peak g = 1.85 nm™ attributed
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to crystalline domains of phase-separated CHOL. In the NS(C16)-75 model the 4t
order and CHOL are at the same position and thus probably overlapping.

B
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Figure 2: X-ray diffraction profile of the lipid models.

The arabic numbers 1-8 indicate the diffraction orders of the LPP. A) Repeat distance of the
LPP in NS(C16) is 12.7 £ 0.04 nm, which is calculated from the reflections at q = 0.50, 1.00, 1.49,
1.99, 2.50, 3.00, 3.49, and 3.97 nm™. This represents the 1+-8™ diffraction orders, respectively. B)
The repeat distance of the LPP in NS(C16)-25 is 12.8 + 0.05 nm, calculated from the reflections
at q =0.49,0.99, 1.48, 1.97, 2.46, 2.97, 3.46, and 3.94 nm™. This represents the 1°t-8 diffraction
orders respectively. C) The repeat distance of the LPP in NS(C16)-50 is 13.0 + 0.0 nm, calculated
from the reflection at q = 0.48, 0.97, 1.45, 1.94, 2.41, 2.90, 3.39 and 3.85 nm. This represents the
1s-8t diffraction orders respectively. D) The repeat distance of the LPP in NS(C16)-75 model is
13.5 £ 0.03 nm, calculated from the reflections at q = 0.46, 0.93, 1.39, 1.86, 2.33, and 2.80 nm".
This represents the 1°-6'" diffraction orders respectively. The low-intensity peak designated
by # positioned at g = 1.2 nm™ in the diffraction profile of NS(C16)-75 might be attributed to
phase-separated FA(C24). The reflections at g = 1.85 nm™ indicated by * in all the models are
attributed to phase-separated CHOL and are at the same position as the 4t order diffraction
peak in the diffraction profile of NS(C16)-75.
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An increased level of short-chain CERs increases the phase
transition temperatures in the lipid models

To investigate the reason for the increased permeability of the model membranes
with increasing levels of short-chain CER NS(C16), we also examined the lateral
lipid organization in the various models. Information about the conformational
ordering and phase transition of lipid chains is provided by the position of the v.CH,
frequenciesin the infrared spectrum [73]. Figure 3 shows the thermotropic behavior
of v.CH, vibration. At 10 °C, the v,CH, frequencies in all the models appeared at a
low wavenumber, below 2850 cm™, indicating that the lipid chains are ordered [73,
74]. As the temperature increased, a gradual increase in the wavenumber of the
stretching vibration by approximately 1 cm™ was observed between 34 and 44 °C
representing orthorhombic-hexagonal phase transition. The mid temperature of
the transition (T, ,..4ex) Obtained for the various models is presented in table 2.
Tornex iNcreased with the increase of the proportion of CER NS(C16). Ty, o e for
NS(C16)-50 and NS(C16)-75 were significantly higher than that of the control model.
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Figure 3: Temperature dependence of the v.CH, mode frequency of the lipid
mixtures.

The v,CH, modes of all models between 0 - 90 °C, showing initial frequencies below 2850 cm
and two distinct phase transitions as temperature increases. Depending on the composition
Twornex Was between 34 and 44 °C, and T, ., between 60 and 86 °C.
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A further temperature increase encountered a second major transition from
an ordered to disordered phase, indicated by a large wavenumber increase of
3-4 cm™ observed in the v,.CH, curves of the various models. The lipid chains in
NS(C16)-0 and NS(C16)-25 melted over a narrow temperature range from ~60
to 68 °C. In contrast, NS(C16)-50 and NS (C16)-75 melted in two steps, with a
wider transition that started at ~66 and was completed at around 86 °C. The
multiple steps suggest the melting of multiple phases. Although the transition
temperature of CERs increased with a longer acyl chain [75], increasing the level
of short-chain CERs in the lipid model shifted the phase transitions of the lipid
chains towards higher values in the present study. The mismatch of the short
and long acyl chains is expected to influence the packing and mixing of the CERs
with CHOL and/or FFA.

The packing density of lipid chains reduce as the level of short-chain
CERs increases

The packing density of lipid chains is important for the skin barrier function
[46, 47, 62, 76]. Analysis of the pCH, modes of the infrared spectrum reveals the
chain packing properties in lipid mixtures. A hexagonal lateral organization is
characterized by a single peak positioned at ~ 720 cm™ while the presence of
two peaks positioned at ~ 720 and 730 cm™ indicate that the lipid chains are
packed in the more dense orthorhombic lattice [77, 78]. The pCH, peaks at
10 and 32 °C for all the investigated systems are split into two strong peaks
positioned at ~ 720 and 730 cm™. The modes at 32 °C are shown in Figure 4A.
The ratio of the intensity of the peaks at 730 cm™ and 720 cm™ is an indication
of the proportion of lipids adopting an orthorhombic phase [79, 80]. The 730:
720 cm™ peak intensity ratio for the models is presented in table 2. At 10 °C, the
ratio was significantly lower in NS(C16)-50 and NS(C16)-75 compared with that of
the control (P<0.05), indicating that a lower proportion of the lipids pack in the
orthorhombic phase.

Though primarily orthorhombic, the co-existence of the hexagonal phase,
cannot be ruled out from the lipid lateral organization in the control model.
To examine this we compared the pCH, mode of FA(C24) at 10 °C, representing
the interaction in a system with chains adopting solely orthorhombic packing
[80, 81], with that of the control, NS(C16)-0. In FA(C24) pCH, mode, the 730:
720 cm™ peak intensity ratio was practically equal to 1, characterizing a purely
orthorhombic system. In contrast, NS(C16)-0, the 730 cm™ peak was less intense
than the 720 cm™ peak (~ 0.70), indicating that a small fraction of the lipids
adopts the hexagonal phase at the expense of the orthorhombic phase. The
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slight reduction in the 730: 720 cm™ peak intensity ratio at 32 °C in all the models
indicates a gradual reduction in the proportion of the orthorhombic phase with
increasing temperature. Though of lower proportion, NS(C16)-75 orthorhombic
phase was more thermostable than that of the control indicated by the
prominent 730 cm™ peak still present at 40 °C (Figure 4B), suggesting some phase
separation. This may explain why the T, .. .., was higher as CER NS(C16) content
increased. Though several studies have shown a direct relationship between the
proportion of the orthorhombic phase and barrier function [46, 47, 76], other
factors may also play a role here.

A
32°C 40 °C

NS(C16)-75

3
i

NS(C16)-50

NS(C16)-25

NS(C16)-0

Absorbance [a.u.]

700 710 720 730 740 750 700 710 720 730 740 750
Wavenumber [cm™] Wavenumber [cm™]

Figure 4: pCH, mode of the fully protiated models.

The curves at A) 32 °C display two distinct bands positioned at approximately 730 cm™ and 720
cm™. B) 40 °C, NS(C16)-75 pCH, mode display a prominent 730 cm™ indicating a thermostable
orthorhombic phase. All curves are stacked.

Short-chain CERs reduce the miscibility of CERs and FFA chains

In a lipid mixture, selective chain deuteration allows for the behavior of different
chains to be monitored separately within the same experiment. The vibrations
of the methylene chain (protiated) and the deuterated counterpart occur at
different regions in the infrared spectrum [80]. We analyzed the v,.CH, vibrations
from the CER chains and v,CD, vibrations from the deuterated FA(C24). The plot

141



of the thermotropic response of the v.CH, and v .CD, vibrations is displayed in
Figure 5.The CERs and FA(C24) chains undergo an order-disorder phase transition
at the same temperature range in NS(C16)-0-DFA, NS(C16)-25-DFA, and NS(C16)-
50-DFA. Therefore considering the stretching frequencies there is no indication
that the CER and FFA chains in these models phase separate. In contrast, the
CERs and FA(C24) chains in NS(C16)-75-DFA did not melt simultaneously, but the
FA(C24) melted at temperatures ~ 12 °C higher than the CER chains indicating
segregation of the two lipid classes. Furthermore, the melting of the FA chains
in NS(C16)-75-DFA was sharp and occurred between 80 and 86 °C, which is in
the same temperature range as the melting of pure DFA(C24), see Figure S3.
Regarding the v,.CH, curves, as CERs and CHOL are protiated, the absence of
noticeable phase transition from orthorhombic to hexagonal in NS(C16)-75-DFA
v,CH, thermotropic response curve strongly indicates phase separation between
CERs and FFA since in general the addition of FFA to mixtures with CERs and
CHOL induces an orthorhombic packing [82].
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Figure 5:Thermotropic response of the v,.CH,and v.CD, modes of the lipid models.

The CH, (filled circle) and the CD, (open circle) peak positions are plotted on the primary y-axis
and secondary y-axis respectively displaying the phase transition temperatures of the CERs
and DFA(C24) in the lipid models.
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We analyzed the miscibility of the CERs and FA chains in more detail using
the scissoring vibrations. When CER chains and deuterated FFA chains are mixed
in an orthorhombic lattice, adjacent protiated CER and deuterated FFA chains
cannot engage in short-range coupling due to the differences in vibrational
energy [81]. As a consequence, the peak splitting, observed when chains from
the same isotope are neighboring each other, is eliminated [80]. Thus, a single
peak is displayed in the 6CD, and 6CH, modes. A plot of the 6CD, modes of
the various models and pure DFA(C24) mixture at 10 and 32 °C are displayed in
Figures 6A and B respectively. At 10 °C, the 6CD, bands in all models are split
into two components. The size of the orthorhombic domain formed by the
deuterated lipids was analyzed by measuring the magnitude of peak splitting
[81]. A larger split corresponds to a larger domain size [83].

The splitting values are reported in Table 2. The splitting length increases
with increasing proportion of short-chain CER NS(C16). The splitting length was
small in NS(C16)-0-DFA and NS(C16)-25-DFA indicating a limited interaction of
like deuterated chains and thus mixing of the protiated and deuterated chains.
While the larger splitting value is measured in NS(C16)-50-DFA with a strong
increase in NS(C16)-75-DFA. The latter approaches the maximum value as seen

A B

10 °C 32°C

NS(C16)-75-DFA
NS(C16)-50-DFA
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Figure 6: 6CD, modes of the lipid models with FA(C24) chain deuterated.
The 6CD, curves of the different lipid models at A) 10 °C B) and at 32 °C.
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in pure DFA(C24) with a splitting distance of 7.5 cm™. This suggests the presence
of large DFA(C24) rich domains. The extensive miscibility of the control model
is attributed to an optimized hydrophobic match between FA(C24) with CER
NS(C24) leading to strong Van der Waals inter-chain interaction. Miscibility of
the CERs and the DFA(C24) chains reduced with an increasing proportion of
CER NS(C16). At 32 °C, the 6CD, modes of NS(C16)-0-DFA, and NS(C16)-25-DFA
collapsed into single peaks while those of NS(C16)-50-DFA and NS(C16)-75-DFA
remained split, collapsing into single peaks at 38 °C and 84 °C, respectively
(Figures S4A and B). The split of NS(C16)-75-DFA 6CD, mode collapsed at the
melting temperature of pure DFA(C24) indicating the presence of separate large
crystalline domains containing pure DFA. The existence of phase-separated
FA(C24) is also shown by the presence of an additional peak in the SAXD pattern
of NS(C16)-75. Probably phase separation of FFA contributed to the increased
permeability of NS(C16)-75.

Short-chain CERs are less ordered than long-chain CERs in SC
models

To gain more insight into the effect of the different CER NS chain lengths on the
phase behavior of the SC model, either the C24 or C16 acyl chains in NS(C16)-50,
which contain equal proportions of CERs NS (C24) and (C16), were selectively
deuterated. The detailed composition of D24-NS(C16)-50 and D16-NS(C16)-50 are
presented in Table 1, while their corresponding v.CH, and v.CD, wavenumbers at
10 °C are shown in Figures 7A and B, respectively. The v.CH, and v.CD, modes of
the lipid models were well ordered at low temperatures. The 10 °C wavenumber
in the v.CD, mode of D24-NS(C16)-50 appeared at 2088.2 + 0.0 cm™, while that
of D16-NS(C16)-50 appeared at a comparatively higher wavenumber 2089.1 +
0.1 cm™ (Figure 7A) indicating less conformation by the short-chain CER NS(C16).
This is similar as observed in a previous study with models containing CER
composition that mimics that in human skin [68]. Regarding the v.CH, modes,
the 10 °C wavenumber of D24-NS(C16)-50 and D16-NS(C16)-50 appeared at
2849.2 + 0.1 and 2848.5 + 0.3 cm™ respectively demonstrating highly ordered
methylene chains (Figure 7B). The differences in the v.CH,and v.CD, modes can
be explained by the C16 acyl chain being in a higher conformational disorder
than the C24 acyl chain. The high mobility of the short-chain CERs in the lipid
layers may contribute to the impaired lipid barrier function.
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Figure 7: Thermotropic response of NS(C16)-50 v.CH,and v.CD, frequencies when
either C16 or C24 chains are deuterated and the wavenumbers at 10 °C.

A) Wavenumbers at 10 °C for CD,-D24-NS(C16)-50 and CD,-D16-NS(C16)-50 with C24 and C16
acyl chains deuterated respectively. The wavenumber of the CER NS(C16) chain is significantly
higher than that of the CER NS(C24) chain. B) Wavenumbers at 10 °C for CH,-D24-NS(C16)-50
(arising from protiated chains when only NS(C24) acyl chains are deuterated) and CH,-D16-
NS(C16)-50 mode (arising from protiated chains when only when NS(16) acyl chains are
deuterated). Wavenumber of CH,-D24-NS(C16)-50 containing the protiated CER NS(C16) chain
is significantly higher than that of the CH,-D16-NS(C16)-50 mode in which CER NS(C24) chains
were protiated.

CER NS(C16) and CER NS(C24) acyl chains are present in the central
and outer layers of the LPP

Previous studies reported that the majority of CER NS (C24) acyl chain and the
FA(C24) are co-localized with one another within the central region of the trilayer
LPP structure, with CER NS(C24) in an extended conformation, encouraging tighter
chain packing, favorable for a proper barrier function [65, 69, 84] (Figure 8).

To examine the influence of short-chain CERs on the lipid arrangement
within the LPP, we analyzed the interaction in SC lipid models containing an
equal proportion of NS(C24) and CER NS(C16) in their CER fraction, with the acyl
chain of either CER NS(16) or CER NS(24) and FA(C24) deuterated. These models
are referred to as D24-NS(C16)-50-DFA and D16-NS(C16)-50-DFA. As control
model D24-NS(C16)-0-DFA was used. The detailed composition of the models is
presented in Table 1, while their 5CD, and 8CH, contours are displayed in figures
9A and B respectively.
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Figure 8: The molecular model proposed for the unit cell of the LPP is based on
the determined location of lipids in a neutron diffraction experiment (Mojumdar
et al.) [69]

The deuterated acyl chains are marked in red. The ovals, big and small circles represent the FA
headgroups, CER headgroups, and ester-linkages respectively. FA(C24) and CER NS (C24) acyl
chains are co-localized in the central layer of the LPP but smaller fractions are also present in
the outer layers with CHOL, CER EOS (C30) acyl chain, and CER EOS and CER NS sphingosine
chains. The figure is adapted from Mojumdar et al.[69].

In control model D24-NS(C16)-0-DFA, the 6CD, mode was split into two
strong peaks attributed to the interaction of the deuterated CER NS(C24)
acyl chain and DFA(C24). The large split value of 6.4 + 0.1 cm™ together with
a low minimum in between the peaks indicates that there is limited CH,-CD,
interaction. Thus the deuterated chains did not interact to a great extent with
the protiated components, which include the CER EQS, sphingosine chains of
CER NS(C24), and CHOL. Since FA(C24) and CER NS(C24) do not phase separate
as shown in the partially deuterated mixture (Figure 6), the sphingosine chain
and the acyl chain of CER NS (C24) must occupy different positions within the
LPP. This is in agreement with an extended arrangement of CER NS, with the
acyl and sphingosine chains in different layers of the LPP as reported previously
[65, 85], and is shown in a schematic image of the lipid arrangement in the
LPP [69] (Figure 8). The 6CH, mode of D24-NS(C16)-0-DFA exhibited a single
peak suggesting limited interaction between the protiated chains. Though
the deuterated FA(C24) and CER NS(C24) acyl chains are located mainly in the
middle layer of the LPP, a fraction of the chains was shown to be present in
the outer layer of the LPP as well [65, 69, 85, 86], probably disrupting the CH,-
CH, interaction in the boundary layer and inducing CH,-CD, interaction. CH,-
CH, interaction might also be limited when lipid chains adopt the less dense
hexagonal packing. Though predominantly orthorhombic, the co-existence of
a subpopulation of lipids adopting the hexagonal phase in D24-NS(C16)-0-DFA
is indicated by the lower 730: 720 cm™ peak intensity ratio of the fully protiated
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counterpart NS(C16)-0 compared to that of the fully orthorhombic FA(C24)
(Table 2). The single peak observed in D24-NS(C16)-0-DFA 6CH, mode at 10 °C
is probably due to a combined effect of the presence of hexagonal phase and
FA(C24) and CER NS(C24) acyl chain in the outer layer of the LPP.

In D24-NS(C16)-50-DFA, the 6CD, vibration arises from the interaction of
DFA(C24) and D-CER NS(C24) acyl chain. The 6CD, mode displayed a strong
splitting measuring 6.1 = 0 cm™ indicating large orthorhombic domains. In the
D24-NS(C16)-50-DFA, CD, peak intensities, and splitting length was only slightly
less than that in the spectrum of D-NS(C16)-0-DFA. This indicates large domains
of deuterated lipids, despite the presence of protiated CER NS(C16) in the
mixture, which suggests that the NS(C16) acyl chains are not primarily distributed
between the deuterated chains of DFA(C24) and D-CER NS(C24) in the central
layer of the unit cell of the LPP. As the minimum between the peaks of 8CD,
mode is higher than observed in the spectrum of D24-NS(C16)-0-DFA, there may
be some regions with CH,-CD, interactions in D24-NS(C16)-50-DFA, that could
be attributed to a small fraction of protiated C16 acyl chain of CER NS(C16) in
the LPP’s central layer. The 6CH, vibrations in D24-NS(C16)-50-DFA arise from
CERs NS(C16) and the remaining protiated chains. The 6CH, peak is broader
than that of D24-NS(C16)-0-DFA. The presence of a fraction of CER NS (C16) acyl
in the outer layers of the LPP could explain the increased CH,-CH, interaction
compared to the control. An increased CH,-CH, interaction could also suggest
phase separation. However, this is not likely as neither phase-separated FA(C24)
nor CER (NS) C16/C24 domains were detected when the mixing properties of the
lipid chains in NS(C24)-50 were monitored by selective deuteration.

The spectrum of the D16-NS(C16)-50-DFA 6CD, mode was also split into two
peaks. The splitting length, being 4.1+ 0.1 cm™ was significantly less than that
of D24-NS(C16)-0-DFA indicating smaller deuterated chain domains (Figure 9A).
The shallower minimum means a higher proportion of CH,-CD, interactions,
showing that the protiated C24 acyl chain of CER NS(C24) mixes more extensively
with DFA(C24) than the protiated C16 acyl chains of CER(C16) with the DFA chains
in the D24-NS(C16)-50-DFA. The protiated lipids in D16-NS(C16)-50-DFA include
CERs EOS, NS(C24), CHOL, and sphingosine chains of CER NS(C16). The CH, mode
displays two distinct peaks indicating more CH,-CH, chain interaction than in
D24-NS(C16)-50-DFA and D24-NS(C16)-0-DFA. The increased interaction may
result from some protiated NS(C24) chains at the same region with the rest of
the protiated chains in the boundary layers of the LPP. This is consistent with the
single peak of the protiated chains in the spectrum of the D24-NS(C16)-0-DFA.
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Figure 9: SC Models with CER NS acyl chains and FA(C24) chains deuterated at 10 °C.

A) 6CD, mode; Strong peak splitting indicates strong CD,-CD, interaction while weak splitting
indicates extensive CD,-CH, B) 86CH, modes of the models; Single peak implies limited CH,-CH,
interaction while increased peak width indicate greater CH,-CH, interaction.

CONCLUSION

SC lipid models enabled a detailed examination of the effect of the proportion
of the short-chain CER NS(C16) on the permeability of the simple SC model
membrane. The weakest barrier was obtained in the SC model when 75% of
the CER NS(24) was substituted with CER NS(C16) resulting in the formation
of separate domains, especially FA(C24), as could be deduced from the SAXD
and FTIR studies. The proportion of the CER NS(C16) dictated the extent of
the variation in lipid organization and barrier dysfunction in the SC model
membrane. Relating these findings to diseased skin, the increased level of short-
chain CERs reported in several inflammatory skin diseases including AD and
Netherton syndrome contributes to the impaired barrier function.

Use of deuterated lipids afforded insight into the distribution of the C16 and
C24 acyl chains within the trilayer LPP structure. We deduced that in the SC
models containing both CER NS(C24) and CER NS(C16) as observed in diseased
skin, the acyl chains of CER NS(C24) and the FA(C24) are mainly co-localized
with one another within the central region of the trilayer LPP while CER NS(C16)
acyl chains are not primarily distributed within this middle layer. The findings
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in the present study contribute to our understanding of the contribution of
CER compositional changes to barrier dysfunction in diseased skin, which is
important for targeting treatment.
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Figure S1: Molecular structure of the lipids used in the study.

A). CER EOS(C30): Linoleic acid esterified to an w-hydroxylated acyl chain [EQ], with a chain
length of 30 carbon atoms (C30) linked by an amide bond to sphingosine base [S] B) CER
NS(C24): Non-hydroxy [N] acyl chain of 24 carbon atoms (C24) linked to sphingosine C) D-CER
NS(C24): CER NS(C24) with the acyl chain deuterated D) CER NS(C16): Non-hydroxy [N] acyl
chain of 16 carbon atoms (C16) linked to sphingosine E) D-CER NS(C16): NS(C16) with the acyl
chain deuterated F) FA(C24): Lignoceric acid G) DFA(C24): deuterated lignoceric acid H) CHOL:
Cholesterol

The sphingosine base is marked in grey, while the protiated and the deuterated acyl chains are
marked in black and red respectively.
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Figure S2: X-ray diffraction profile of FA(C24).

The arabic numbers (1, 2, 3) indicate the diffraction orders of the lamellar phase, d = 5.2,
positioned at g = 1.20, 2.41 and 3.62 nm™. An extra peak indicated by # is located at g=1.01,
which suggests the presence of an additional phase.
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Figure S3: Plot of vCD2 frequencies as a function of temperature for DFA(C24).
The phase transition of DFA(C24) commenced at 80 °C and ended at 86 °C.
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Figure S4: Plot of 86CD2 frequencies as a function of temperature for the lipid
models with FA(C24) chains deuterated (0-90 °C).

The 8CD2 contour for A) NS(C16)-50-DFA B) NS(C16)-75-DFA displaying a strong splitting that
collapsed into a single peak at ~ 84 °C, indicated by a red dashed line.
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