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Abstract The lipids in the uppermost layer of the
skin, the stratum corneum (SC), play an important
role in the skin barrier function. The three main
subclasses in the SC lipid matrix are ceramides (CER),
cholesterol, and free fatty acids. In inflammatory
skin diseases, such as atopic dermatitis and psoriasis,
the SC lipid composition is modulated compared to
the composition in healthy SC. One of the main al-
terations is the molar ratio between the concentration
of CER N-(tetracosanoyl)-sphingosine (CER NS) and
CER N-(tetracosanoyl)-phytosphingosine (CER NP),
which correlated with an impaired skin barrier
function. In the present study, we investigated the
impact of varying the CER NS:CER NP ratios on the
lipid organization, lipid arrangement, and barrier
functionality in SC lipid model systems. The results
indicate that a higher CER NS:CER NP ratio as
observed in diseased skin did not alter the lipid or-
ganization or lipid arrangement in the long period-
icity phase encountered in SC. The trans-epidermal
water loss, an indication of the barrier functionality,
was significantly higher for the CER NS:CER NP 2:1
model (mimicking the ratio in inflammatory skin
diseases) compared to the CER NS:CER NP 1:2 ratio
(in healthy skin). These findings provide a more
detailed insight into the lipid organization in both
healthy and diseased skin and suggest that in vivo the
molar ratio between CER NS:CER NP contributes to
barrier impairment as well but might not be the main
factor.

Supplementary key words skin • lipids • ceramides •
sphingolipids • cholesterol • stratum corneum • fatty acids • lipid
organization • barrier function • inflammatory skin diseases

Skin, the largest organ of the human body, has the
important role of protecting the body against patho-
gens, chemicals and radiation, while also preventing
excessive water loss (1–3). The outermost layer of the
*For correspondence: JokeA. Bouwstra, bouwstra@lacdr.leidenuniv.nl.
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skin’s epidermis is the stratum corneum (SC), with a
thickness varying between 10 and 20 μm. It consists of
10–25 layers of corneocytes, which are dead differen-
tiated keratinocytes, embedded in a lipid matrix, and
forming a well-organized “brick-mortar” structure (4).
The intercellular SC lipid matrix is mainly composed of
three lipid classes: ceramides (CER), free fatty acids
(FFA), and cholesterol (CHOL) (5, 6). These lipid classes
are present at an equimolar ratio (1:1:1) in healthy hu-
man SC. Currently, at least 20 CER subclasses have been
identified in human SC, which differ based on their
head group structure (7–10).

CERs belong to the family of sphingolipids and are
formed in the viable epidermis by three general path-
ways: degradation of glucosylceramides, hydrolysis of
sphingomyelin, or de novo synthesis in the endoplasmic
reticulum (11). Sphingolipids, together with phospho-
lipids (which are the precursors of FFAs in the
epidermis), are structural components of living cell
membranes (12). Sphingolipids preferentially associate
with CHOL and form lipid rafts, dynamic lateral
membrane inhomogeneities, which can interact with
membrane proteins and modulate their activity (13).
Unlike other biological membranes, the SC lipid matrix
does not include phospholipids but contains CHOL (14).
Due to the altered lipid composition, the phase
behavior in SC is different from the membranes of
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living cells. However, similar to living cell membranes,
CHOL plays an important role in the lipid organization
in SC (15, 16).

The intercellular SC lipids are organized as two
lamellar phases: a long periodicity phase (LPP), with a
repeat distance of 13 nm and a short periodicity phase
(SPP), with a repeat distance of 6 nm (17, 18). The LPP is
observed exclusively in SC and is assumed to be critical
for the skin barrier function (19–22). It was previously
shown that for the formation of the LPP, among the
various CER subclasses, the esterified ω-hydroxy
sphingosine ceramide (CER EOS) and CHOL are crucial
(15, 22). In the absence of CER EOS only the SPP is
formed (23), while in the absence of CHOL the LPP and
SPP are not formed (15). The organization of the lipid
chains within this lamellar structure of the SC is
referred to as the lateral organization. Based on the
density of the packing, this can be orthorhombic (very
dense and ordered), hexagonal (less dense, but still or-
dered), or liquid phase (highly disordered) (24–26).
Barrier lipids in human SC are mainly organized in the
orthorhombic packing, while a small part of the lipids
are packed hexagonally and even small liquid domains
are present (27). This is different from phospholipid
membranes with high CHOL levels, where a liquid-
ordered phase is often encountered (28).

Lipids have been shown to play an important role in
the skin barrier function (2, 4). Inflammatory skin dis-
eases, such as atopic dermatitis, seborrheic dermatitis or
psoriasis, and the rare hereditary disorder Netherton
syndrome, are characterized by a deviation in SC lipid
composition, which may contribute to the impaired skin
barrier function (J. Rousel et al., unpublished results) (4,
29–31). Clinical studies have revealed that among the
lipid compositional alterations of diseased SC, the most
prevalent changes are detected in the CER subclass and
chain length composition (20, 29, 32–35). A previous
study by Yokose et al. investigated potential biomarkers
in the SC of barrier-disrupted skin and the ratio of
CERs in diseased skin (atopic dermatitis and psoriasis)
was compared to the CERs ratio in healthy individuals
(35). They reported the ratio of CER N-(tetracosanoyl)-
sphingosine (CER NS) to CER N-(tetracosanoyl)-phy-
tosphingosine (CER NP) (Fig. 1) as being a potential
marker for impaired skin barrier function in these
Fig. 1. The molecular structure of the three CERs used in this stud
highlighted in red.
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patients, as this ratio correlated positively with the
trans-epidermal water loss (TEWL). Furthermore, apart
from atopic dermatitis and psoriasis, an increased CER
NS:CER NP ratio was also reported in the SC of Neth-
erton syndrome patients (34) and recently in seborrheic
dermatitis (J. Rousel et al., unpublished results). There-
fore, this CER subclass ratio change could be an
important factor causing barrier dysfunction in
diseased skin. However, the contribution of the altered
CER NS:CER NP ratio to the barrier function is not
known as in clinical studies the various lipid composi-
tion changes always occur simultaneously and only
correlations can be obtained.

To understand the relationship between lipid sub-
classes, lipid models can be used that mimic the orga-
nization in the SC lipid matrix. Previous studies showed
that lipid models prepared either with isolated pig (36,
37) or human CERs (38), along with CHOL and FFAs
mimicked the unique SC lipid organization; the mix-
tures form the crystalline LPP and SPP, as observed in
SC. Furthermore, when isolated porcine or human CER
subclasses were replaced by their synthetic counter-
parts with almost uniform chain length, the phase
behavior of the lipid models was similar to the isolated
CERs models therefore also closely resembling the lipid
organization of native SC (39–42). A further reduction
in CER components to 4 or 3 and more recently to only
two subclasses showed that when selecting the proper
CER subclasses together with CER EOS and mix them
with CHOL and FFAs, the models still formed the same
lamellar phases and lateral packing (39, 41, 43, 44). This
is an important finding as simple models with a limited
number of lipid components are compulsory to obtain
detailed information about the molecular arrangement,
as in these studies a replacement of protiated by
deuterated lipids is required.

Lipid models offer the possibility to study changes
systematically and to obtain more detailed insights into
the underlying factors that cause barrier impairment
(45–47). As the CER NS:CER NP ratio was identified as a
possible factor for a dysfunctional barrier in inflam-
matory diseased skin, the aim of the current study is to
investigate whether changing the CER NS:CER NP
molar ratio results in an altered lipid organization and
barrier function in lipid models. A CER composition
y. The deuterated acyl chains (d47) of CER NP and CER NS are



that consists of CER NS, CER NP, and CER EOS, when
mixed with CHOL and FFA, has been identified to
mimic the phase behavior in SC (48).

In this study, different CER NS:CER NP molar ratios
were investigated: 1:2, as observed in healthy SC, 1:1, and
2:1; the latter mimics the approximate ratio observed in
inflammatory skin diseases. We decided to use a simple
SC lipid model as this allows us to obtain detailed in-
sights about changes in lipid organization and lipid
arrangement. In human SC, both the LPP and the SPP
are simultaneously present; however, our focus was to
examine the influence of the CER NS:CER NP ratio
exclusively on the LPP. The lipid organization, lipid
arrangement, and barrier functionality were examined
in our models. A change in CER NS:CER NP ratio did
not induce changes in the lipid organization or the lipid
arrangement of CER NS and CER NP in the LPP unit
cell. TEWL was increased for the CER NS:CER NP 2:1
model, similarly as observed in clinical studies. These
findings imply a contribution of the CER NS:CER NP
ratio to the skin barrier impairment in vivo but suggest
that this might not be the main factor.
MATERIALS AND METHODS

Materials
Synthetic CERNP and CERNS with acyl chain lengths of 24

carbons (C24) and a sphingosine chain length of 18 carbon
atoms (C18), along with CER NP and CER NS with a perdeu-
terated acyl chain (d47) (NPd47 and NSd47) and CER EOS C30
were kindly donated by Evonik (Essen, Germany). Lignoceric
acid (FFA C24) was purchased from Sigma-Aldrich Chemie
GmbH (Schnelldorf, Germany) and its deuterated counterpart
(DFFA24) was supplied by Arc Laboratories BV (Apeldoorn,
The Netherlands). CHOL, deuterium oxide (D2O), acetate
buffer salts, Na2HPO4, KH2PO4, KCl, and ethyl-p-
aminobenzoate (E-PABA) were supplied by Sigma-Aldrich
Chemie GmbH (Schnelldorf, Germany). The organic solvents
(HPLC grade or higher) were purchased from Biosolve BV
(Valkenswaard, The Netherlands). Nucleopore polycarbonate
filter disks with a pore size of 0.05 μm (Whatman, Kent, U.K.)
were used as sample supports, as well as a silicon substrate ob-
tained from Okmetic (Vantaa, Finland).
TABLE 1. Composition of the li

Model Lipid

LPP NS:NP 1:2 CER EOS C30 : CER NS C24 : CER N
LPP NS:NP 1:1 CER EOS C30 : CER NS C24 : CER N
LPP NS:NP 2:1 CER EOS C30 : CER NS C24 : CER N
LPP NSd47:NP 1:2 CER EOS C30 : CER NS C24-d47: C
LPP NS:NPd47 1:2 CER EOS C30 : CER NS C24 : (CER
LPP NSd47:NP 2:1 CER EOS C30 : (CER NS C24 :CER N
LPP NS:NPd47 2:1 CER EOS C30 : CER NS C24 : CER N
LPP NSd47:NP:DFFA 1:2 CER EOS C30 : CER NS C24-d47: C
LPP NS:NPd47:DFFA 1:2 CER EOS C30 : CER NS C24 : CER N
LPP NSd47:NPd47:DFFA 1:2 CER EOS C30 : CER NS C24-d47: C
LPP NSd47:NP:DFFA 2:1 CER EOS C30 : CER NS C24-d47: C
LPP NS:NPd47:DFFA 2:1 CER EOS C30 : CER NS C24 : CER N
LPP NSd47:NPd47:DFFA 2:1 CER EOS C30 : CER NS C24-d47: C

The deuterated lipids are indicated in bold.

Eff
Lipid model compositions
An equimolar ratio of CER: CHOL: FFA was selected for

the lipid models. The concentration of CER EOS was 40 mol%
of the total CERs to allow an exclusive formation of the LPP
structure. Furthermore, this also results in a peak separation
between crystalline CHOL and the fourth-order diffraction
peak of the LPP, irrespective of the CER NS:CER NP ratio.
This is crucial for an accurate analysis of the neutron data.
The ratio between CER NS:CER NP was changed in the
different models (total 60 mol%). Different models were then
prepared by substituting CER NS, CER NP or FFA C24 with
their deuterated counterparts, as shown in Table 1. For the
neutron studies, CER NS and CER NP were substituted with
their deuterated counterparts, NSd47 and NPd47 (indicated in
the model name). To allow a direct comparison of the results,
the same amount of deuterated lipids should be present in the
models (20% of total CERs). For this reason, the samples LPP
NS:NPd47 1:2 and LPP NSd47:NP 2:1 were prepared with a
mix of CER NP:NPd47 (1:1) and CER NS:NSd47 (1:1), respec-
tively. For the FTIR studies, both CER NS and CER NP were
entirely substituted in the models with their perdeuterated
counterparts, alongside FFA C24 with DFFA.
Preparation of the lipid models
Approximately the same sample preparation method was

used for the different analysis techniques and details are
provided in Table 2. The necessary amount of lipids was dis-
solved in the solvent at a concentration of 5 mg/ml. The lipid
samples were sprayed using a Camag Linomat IV device
(Muttenz, Switzerland) under a gentle stream of nitrogen, at a
spraying rate of 14 s/μl. For the samples prepared for
permeability and TEWL, a ∼12 μm thick lipid layer was ob-
tained (46). All samples were equilibrated using an automatic
equilibrator with a heating rate of 4◦C/min until reaching
95◦C, maintained at this temperature for 65 min to allow the
lipid film to melt, and then slowly cooled to 25◦C. Prior to the
measurements, the samples were hydrated. As different
analysis methods required different sample supports and
nucleopore polycarbonate disks are not resistant against
chloroform/methanol, in that case, we used hexane/ethanol
as a solvent. However, this does not affect the formation of
the lipid membrane (49).
Permeability
A drug permeation study was performed using Permegear

in-line diffusion cells (Bethlehem, PA, USA) with a diffusion
pid models used in this study

Composition Molar Ratio

P C24 : CHOL : FFAC24 0.4:0.2:0.4:1:1
P C24 : CHOL : FFAC24 0.4:0.3:0.3:1:1
P C24 : CHOL : FFAC24 0.4:0.4:0.2:1:1

ER NP C24 : CHOL : FFAC24 0.4:0.2:0.4:1:1
NP C24 : CER NP C24-d47) : CHOL : FFAC24 0.4:0.2:(0.2:0.2):1:1
S C24-d47): CER NP C24 : CHOL : FFAC24 0.4:(0.2:0.2):0.2:1:1
P C24-d47: CHOL : FFAC24 0.4:0.4:0.2:1:1

ER NP C24: CHOL: DFFAC24 0.4:0.2:0.4:1:1
P C24-d47: CHOL: DFFAC24 0.4:0.2:0.4:1:1

ER NP C24-d47: CHOL: DFFAC24 0.4:0.2:0.4:1:1
ER NP C24: CHOL: DFFAC24 0.4:0.4:0.2:1:1
P C24-d47: CHOL: DFFAC24 0.4:0.4:0.2:1:1

ER NP C24-d47: CHOL: DFFAC24 0.4:0.4:0.2:1:1

ect of ceramides on lipid arrangement in skin models 3



TABLE 2. Sample preparation details for each analytical technique used in this study

Technique
Amount
of lipids Solvent Spraying Area Sample Support Hydration

Permeability 1 mg hexane/ ethanol
(2:1, v/v)

1 × 1 cm2 nucleopore
polycarbonate disk

1 h, PBS in diffusion
cell, at 32◦C

TEWL 1 mg hexane/ ethanol
(2:1, v/v)

1 × 1 cm2 nucleopore
polycarbonate disk

30 min, water in diffusion
cell, room temperature

SAXD 1 mg hexane/ ethanol
(2:1, v/v)

2 × 3 mm2 nucleopore
polycarbonate disk

24 h, 80% relative humidity,
room temperature

FTIR 1 mg chloroform/
methanol (2:1, v/v)

1 × 1 cm2 silver bromide
(AgBr) window

≥12 h, acetate buffer (pH 5)
in D2O, at 37◦C

Neutron diffraction 10 mg chloroform/
methanol (2:1, v/v)

1.2 × 3.8 cm2 silicon substrate ≥12 h, D2O/H2O buffer
(100%, 50%, 8%), at 37◦C
area of 0.28 cm2. The acceptor phase was phosphate-buffered
saline (PBS, pH 7.4), and the donor phase consisted of a
saturated ethyl-p-aminobenzoate (E-PABA) solution (0.65 mg/
ml concentration, prepared in acetate buffer with pH 5). The
samples were mounted in the diffusion cells and the tem-
perature was maintained at 32◦C. The acceptor solution was
continuously stirred using a small magnetic stirrer and it had
a continuous flow of approximately 2.5 ml/h. To start the
experiment, E-PABA was added to the donor compartment,
which was then covered with adhesive tape. Every hour
fractions of the acceptor phase were collected, over 15 h. At
the end of the experiment the PBS flow was determined by
weighing the collected tubes and the E-PABA concentration
was determined using ultra-high performance liquid chro-
matography (UPLC), as described below. Each sample group
consisted of at least 6 replicates. The steady-state flux of E-
PABA was calculated as an average between the 10th and the
15th hours. Statistical analysis was performed using GraphPad
Prism 5 using a one-way ANOVA test.
UPLC analysis of E-PABA
UPLC analysis was performed using a validated method,

described previously (50). The Acquity UPLC system (Waters)
was connected to a UV-VIS detector. The column (1.7 μm
siloxane hybrid particles) was maintained at 40◦C. The mobile
phase consisted of a mixture of 0.1% trifluoroacetic acid in
acetonitrile : Milli-Q (40:60 ratio, v/v), with a flow rate of 1 ml/
min. Ten μl of each sample and the calibration curve
(described previously by Uche et al. (50)) were injected.
Trans-epidermal water loss
TEWL was measured using an AquaFlux AF 200 (Biox

Systems Ltd.). This method was previously described by
Mojumdar et al. (51). The AquaFlux device was tightly con-
nected to the donor compartment of the diffusion cell by
using a measurement cap (Biox Systems Ltd.). The TEWL flux
of the lipid models was recorded for 30 min at a collection
rate of 10 s. The average steady-state TEWL in the last 10 min
of the measurement was calculated and statistical analysis was
performed using an unpaired t test in GraphPad Prism 5 to
assess the differences between the two groups (P < 0.05). At
least 10 lipid membranes were measured for each of the two
compositions.
X-ray measurements
Small-angle X-ray diffraction (SAXD) measurements were

performed at the ALBA Synchrotron (Barcelona, Spain) at the
NCD-SWEET beamline. The distance between the detector
4 J. Lipid Res. (2023) 64(8) 100400
(Pilatus 1M detector with a pixel array of 981 × 1043, each
pixel: 172 × 172 μm2) and the sample was 2.148 m. The wave-
length of the beam was 0.999 Å. The lipid samples were
measured at 23◦C for 20 s and the setup was calibrated with
silver behenate prior to the measurements. Each composition
was measured twice.

The two-dimensional scattering plot was integrated over a
90◦ segment from the beam center to obtain the one-
dimensional X-ray intensity profiles of the scattering in-
tensity (I) as a function of the scattering vector (q). The latter
can be calculated as q = (4π sin θ) /λ, where θ represents the
scattering angle and λ is the wavelength. The peaks were fitted
using the Pearson VII function in Fityk (52) to determine the
peak positions (qn). The repeat distance (d) of the lamellar
phase was calculated by least square fitting using the equation
d = 2nπ/qn , where n is the order number of the diffraction
peak attributed to a lamellar phase.
FTIR measurements
A Varian 670-IR spectrometer (Agilent Technologies, Santa

Clara, USA) fitted with a broadband mercury cadmium
telluride detector, cooled by liquid nitrogen, was used to
perform the FTIR measurements. The spectra were collected
at a resolution of 1 cm−1, by co-addition of 256 scans over
4 min. The sample chamber was continuously purged with
dry air for at least 30 min prior to the measurements. The
lipid models were measured between 10-90◦C, with a heating
race of 0.25◦C/min and the wavenumber range of the mea-
surements was 600–4000 cm−1. Data collection and analysis
were performed using Resolution Pro software (Agilent
Technologies), and the spectra were deconvoluted using a
peak half-width of 4 cm−1 and an enhancement factor of 1.4.
Three measurements were performed for each composition.

The thermotropic behavior and conformational ordering
of the samples were followed by examining the peak positions
of the CH2 and CD2 symmetric stretching vibrations (νsCH2:
wavenumber range 2845–2855 cm−1 and νsCD2: wavenumber
range 2080–2100 cm−1). The mid-phase transition tempera-
tures (orthorhombic – hexagonal: Tm O-H; hexagonal – liquid:
Tm H-L) were determined by linear regression fitting, as
previously described (53). CH2 and CD2 scissoring vibrations
(δCH2, wavenumber range: 1462-1473 cm−1; δCD2, wave-
number range: 1085-1095 cm−1) were examined to determine
the lipid chain packing and their accurate peak positions were
determined by fitting Lorentzian peaks with an in-house Py-
thon script. A peak height ratio (OR/MID) was calculated as
an average of the peak heights of the two orthorhombic
scissoring peaks divided by the peak height of the central
scissoring peak, to quantitatively assess the chain interactions
for both δCH2 and δCD2 vibrations. Statistical analysis was



performed to determine the significance of the results ob-
tained from the peak positions (unpaired t test, using Graph-
Pad Prism 5; results were statistically different when P < 0.05).

Neutron diffraction measurements and data
analysis

The lipid arrangement of the two models with CER
NS:CER NP ratios of 1:2 and 2:1 was measured using the small-
angle neutron scattering (SANS) mode of the LARMOR in-
strument, at the ISIS Neutron and Muon Source (Rutherford
Appleton Laboratory, UK). The samples were measured with
a neutron beam size of 1 × 30 mm, in the wavelength range (λ)
between 1 – 12.5 Å and a sample angle to the beam of 2.5◦ . The
3He detector was positioned at a distance of 4.4 m from the
sample and was set at a 2θ angle of 5◦ to the direct beam,
covering an area of 664 × 600 mm with a pixel size of 4 ×
8 mm.

The environment of the sample was kept constant using a
sealed, heated aluminum chamber, and the windows of the
chambers were maintained at 42◦C to prevent condensation.
Each sample was measured for 4 h (40 μA/h accelerator
proton charge) at 25◦C for each hydration level. The SANS
data were normalized to the incident flux shape and detector
efficiency using a direct beam measurement. An empty
chamber was used as background measurement, which was
subsequently subtracted from each sample.

The Mantid software framework (54) was used to reduce
the neutron scattering data to monitor the normalized in-
tensity versus scattering vector (q), resulting in a range of q
between 0.032 and 0.991 nm−1. The scattering angle (2θ) was
converted to q using Bragg’s equation as follows:

q =4π sin θ / λ (1)

The repeat distance (d) of the lamellar phase (LPP) was
calculated based on the positions of the equidistant Bragg
peaks using the following equation:

d = 2πn/qn (2)

where n is the diffraction order number of the peak at po-
sition qn.

The scattering length density (SLD) profiles were calcu-
lated for each sample using the intensity versus q data. The
data analysis method has been previously described (55–57). In
short, the Bragg peaks were fitted in the Fityk software (using
a Pearson VII function) to obtain the intensity value of each
diffraction order (52). The structure factor amplitude (|Fn|) for
each diffraction order was calculated using the following
formula: ⃒⃒

Fn
⃒⃒
=An

̅̅̅̅̅̅̅
LIn

√
(3)

The Lorentz correction (L) can be assumed to be L = q
because of the high degree of orientation of the lipid
lamellae. The correction factor for sample absorption (An)
can be calculated as:

An = 1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin θ
2μl (1 − e

−2μl
sin θ)√ (4)

where l represents the lipid sample thickness and μ is the
linear attenuation coefficient (58).
Eff
The phase signs of |Fn| for the different diffraction orders
were calculated using the different D2O/H2O hydration buffer
levels (100%, 50%, and 8%), as previously described (48). First, the
Fn values were plotted as a function of the D2O amount in the
hydration buffer (supplemental Fig. S1). The LPP unit cell is
centrosymmetric, as demonstrated by the linear correlation of
the relative structure factor amplitudes as a function of the
D2O/H2O buffer shown in supplemental Fig. S1. The water
molecules are located close to the hydrophilic lipid head groups,
which are positioned at the boundary of the unit cell of the
lamellar phases (56, 59, 60). As the structure is symmetric, the
water profile phase signs can be either negative or positive.
Assuming that thewater is located close to theheadgroups at the
boundary of the unit cell, the slopes of the linear correlation of
the structure factors and the buffer ratio between 100% and 8%
D2O/H2O indicate that the phase signs of the water profile
is−,+,−,+,−,+ for bothCERNS:CERNP1:2 and 2:1models. These
phase signs are in accordance with previously described LPP
phase signs for the water profile (48, 55, 56, 61, 62).

Next, the phase signs of the protiated and deuterated lipid
samples were individually determined based on the negative
or positive sign of the Fn at 8% D2O/H2O hydration
(supplemental Fig. S1) and appeared to be −,+,−,+,−,+ for all
compositions, including those with partly deuterated lipids.

Using the phase signs and the values for the structure
factors, the scattering length density (SLD, ρ(x)) profile of the
LPP unit cell was plotted using Fourier reconstructions with
Equation 5, where x represents the distance in the unit cell
(center of the unit cell is x = 0) (55):

ρ(x) = F0 + 2 ∑nmax
n=1

Fh cos(2πnxd
) (5)

The scattering density per unit volume (F0) was calculated
using the chemical composition and density of the lipid
sample (63) https://www.ncnr.nist.gov/resources/activation/.
It included one water molecule per lipid in agreement with
the obtained sample hydration (48). The SLD profiles that
provide the position of the deuterated lipid chains were ob-
tained from the difference in the SLD profiles of the
deuterated and protiated samples, with the two samples hy-
drated at 8% D2O/H2O. This hydration level was chosen as the
scattering contribution of the buffer at 8% D2O is zero;
therefore, the SLD profiles displayed only the scattering of
the lipids.

The SLD data were calculated on a “relative absolute” scale,
following the steps previously described (48, 55, 64, 65). This
seemingly contradictory term was adopted to allow the
detailed examination and scaling of diffraction data as
described by Wiener et al. (65). Our set of measurements did
not include a sample with terminally deuterated sphingosine
chain of CER NS (NSd7) that was used in previous measure-
ments to calculate the relative absolute scale. To correct for
this, a scaling factor (Sf) was introduced, which was based on
previous measurements using the same settings, analysis
procedure and a similar lipid model: LPP CER NS:CER NP 1:1
model (48). Sf is calculated as a ratio of the peak area of NSd7
and NPd47 chains from the CER NS:NP 1:1 model.

Next, the peak area of the NPd47 SLD profile (in the LPP
NS:NPd47 2:1 model of this study) was fitted using Fityk. This
peak area was then multiplied with Sf to obtain the corrected
NPd47 peak area scaled to the previous measurements
(SLDarea).

The scattering of the 47 deuterium atoms in the NPd47
acyl chain (SLDdif) was calculated by subtracting the
ect of ceramides on lipid arrangement in skin models 5
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scattering of a protiated CER acyl chain (C23H47) from the
scattering of a deuterated CER acyl chain (C23D47).

The factor for calculating the absolute SLD values
(SLDcorrect) represents the ratio between the scattering of the
47 deuterium atoms in the NPd47 chain and the corrected
peak area of the NPd47 profile:

SLDcorrect = SLDdif

SLDarea
(6)

This SLDcorrect factor finally was applied to the Fn values,
transforming the data to the “relative absolute” scale.

This method resulted in deuterated water peaks at the
border of the LPP unit cell having the same density in all
samples hydrated at 100% D2O, including the samples
measured with deuterated NSd7 in our previous experiments,
as expected.
RESULTS

Increasing the CER NS:CER NP ratio results in a
higher TEWL but no effect on E-PABA flux

E-PABA diffusion studies were performed to
investigate the effect of increasing the CER NS:CER
NP ratio on the permeability of the models (Fig. 2A,
B). Figure 2A shows the average E-PABA flux
through the lipid model membranes of the three
different CER NS:CER NP ratios (1:2, 1:1 and 2:1). The
steady state was reached after 10 h and the averaged
E-PABA steady-state flux calculated between 10 and
15 h is provided in Fig. 2B. In the three groups (n ≥ 6),
the E-PABA flux was very similar (LPP NS:NP 1:2: 2.0
± 0.3 μg/cm2/h; LPP NS:NP 1:1: 2.0 ± 0.2 μg/cm2/h;
LPP NS:NP 2:1: 2.2 ± 0.37 μg/cm2/h), and thus no
significant difference was observed between the
models.

TEWL measurements were performed on the two
models with the molar ratios LPP NS:NP 1:2 and LPP
NS:NP 2:1 (Fig. 2C). The water loss of the LPP NS:NP 2:1
model was significantly higher than for the LPP NS:NP
1:2 model (2.34 ± 0.46 g/m2/h compared to 1.61 ±
0.48 g/m2/h, n ≥ 10); P < 0.01.
Fig. 2. Permeability of the lipid models. A: The E-PABA flux thr
PABA flux between 10-15 h (n ≥ 6). C: TEWL flux across the model
SD.
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CER NS:CER NP ratio does not influence the
lamellar or the lateral organization

SAXD studies were performed to obtain information
about the lamellar organization of the lipid models and
the repeat distances of the lamellar phases of the
models with a changed CER NS:CER NP ratio (1:2, 1:1
and 2:1). The diffraction profiles, displayed in Fig. 3A,
show a series of nine equidistant peaks, indicating a
lamellar phase. The only peaks that could not be
assigned to this lamellar structure correspond to the
phase-separated crystalline CHOL (with two orders of
diffraction at q = 1.8 nm−1 and q = 3.6 nm−1; indicated
by an asterisk in Fig. 3A). The repeat distance of this
lamellar phase is 12.6 nm for the LPP NS:NP 2:1 model,
12.7 nm for the LPP NS:NP 1:1 model, and 12.8 nm for
the LPP NS:NP 1:2 model (Table 3) suggesting a slight
increasing trend. The peak intensity distribution shows
the following order for the first three diffraction peaks:
second order has a higher intensity than the first- and
third-order peaks (Table 3). This intensity distribution is
very characteristic for the LPP and demonstrates the
formation of the LPP in all three models (61).

In the next step, the packing of the lipids within the
lamellae was examined. Figure 3B shows the δCH2 vi-
brations for the protiated LPP NS:NP 1:2 and LPP
NS:NP 2:1 models, with two peaks at approximately
1462 cm−1 and 1473 cm−1 and a small central peak at
1467 cm−1. The exact δCH2 peak position was deter-
mined for each sample by peak fitting using Python
scripts, then the δCH2 peak splitting (distance between
the two orthorhombic peaks) and the peak height ratio
of the two orthorhombic peaks and the hexagonal
central peak (OR/MID) were calculated. Both models
had the same δCH2 peak splitting (10.6 ± 0.04 cm−1) and
OR/MID peak height ratio (3.00 ± 0.3), therefore no
difference in the lateral organization was observed.

Next, the symmetric stretching vibrations were
examined as a function of temperature: the thermo-
tropic curves of the νsCH2 stretching vibrations for the
two models are provided in Fig. 3C. At low
ough the lipid models over 15 h. B: The average steady-state E-
membranes, n ≥ 10 (**P < 0.01). All data are presented as mean ±



Fig. 3. A: X-ray diffraction profiles of the lipid models. The three CER NS:CER NP ratios: 1:2 (blue), 1:1 (orange) and 2:1 (green). The
LPP diffraction orders are indicated with Arabic numbers and the asterisk (*) indicates the phase-separated crystalline CHOL peaks.
The insert represents a zoom in of the q = 2.4–4.6 nm−1 range. B: The δCH2 vibrations of the two protiated models, measured at 10◦C.
C: Thermotropic curve of the νsCH2 vibrations for the protiated samples, LPP NS:NP 1:2 and LPP NS:NP 2:1. The wavenumbers of the
νsCH2 peak position are plotted as a function of temperature (10–90◦C). The FTIR data is shown as an average of 3 measurements for
each composition.
temperatures the wavenumber of the stretching vibra-
tions is <2849 cm−1 indicating a high conformational
order. This remains constant until 34◦C, then there is an
increase of the νsCH2 wavenumber, indicating a lower
conformational ordering of the chains. As the scis-
soring vibrations indicated the presence of an ortho-
rhombic packing at 10◦C, this transition is from an
orthorhombic to a hexagonal phase, which is
confirmed by the scissoring vibrations (not shown). The
two mixtures showed similar mid-phase transition
temperatures for LPP NS:NP 1:2 (Tm O-H 37.8 ± 1.2◦C,
Tm H-L 68.7 ± 1.6◦C) and LPP NS:NP 2:1 (Tm O-H: 36.4 ±
0.7◦C, Tm H-L: 65.9 ± 0.3◦C) (Fig. 3C). Increasing the
TABLE 3. The LPP repeat distance (d-spacing) of the samples
shown as average (in nm).

Lipid Model LPP d-Spacing (nm) Peak Height Ratio

LPP NS:NP 1:2 12.8 1: 1.8: 0.5
LPP NS:NP 1:1 12.7 1: 1.9: 0.5
LPP NS:NP 2:1 12.6 1: 2.1: 0.5

The peak height ratio is calculated as the ratio between the
heights of the fitted peaks for the first: second: third diffraction
orders.

Eff
temperature further results in a second phase transi-
tion from hexagonal to isotropic phase.

Although 32◦C is the skin temperature in vivo (also
used for the permeability measurements in this study),
the conformational order of the lipid models is pro-
vided at 10◦C, as 32◦C is close to the transition temper-
ature from the orthorhombic – hexagonal phase.

Stretching vibrations do not indicate phase
separation in the models

The lipid mixing and homogeneity of the samples
were examined by replacing protiated chains with their
deuterated counterparts. supplemental Fig. S2
(Supplementary Material) displays the thermotropic
behavior of the lipid models with deuterated acyl
chains of CER NS and CER NP and deuterated FFA
(LPP NS:NPd47:DFFA 1:2, LPP:NSd47:NP:DFFA 1:2, LPP
NSd47:NPd47:DFFA 1:2, LPP NS:NPd47:DFFA 2:1,
LPP:NSd47:NP:DFFA 2:1 and LPP NSd47:NPd47:DFFA
2:1). This shows that for both CER NS:CER NP ratios
with deuterated acyl chain of CER NP and DFFA
(supplemental Fig. S2A, D) and with deuterated acyl
chain of CER NS and DFFA (supplemental Fig. S2B, E) a
ect of ceramides on lipid arrangement in skin models 7



similar thermotropic response of the νsCH2 and νsCD2

vibrations is detected. As an increase of the νsCH2

wavenumber is observed at ∼34◦C, similar to LPP
NS:NP 1:2 and LPP NS:NP 2:1, indicating a shift in the
conformational ordering probably caused by an
orthorhombic to hexagonal phase transition, as an
orthorhombic lateral packing is present at 10◦C. The
samples with both the acyl chains of CER NS and CER
NP and FFAC24 deuterated had a νsCH2 peak position
at ∼2850.9 cm−1 at 10◦C, which was ∼ 0.6 cm−1 higher
than the samples with only one of the acyl chains
deuterated (supplemental Fig. S2C, F). This elevated
value represents an indication of a slightly higher
conformational disordering of the protiated chains in
these two fully deuterated models compared to the
chains in the fully protiated samples.

The protiated and deuterated lipids had the same
melting behavior in all six models presented in
supplemental Fig. S2, with a shift in νsCH2 and νsCD2

vibrations starting at ∼60◦C, indicating that the tran-
sition from hexagonal to liquid isotropic phase is
occurring at approximately the same temperatures
(supplemental Table S1). This indicates that the pro-
tiated and deuterated lipids undergo phase transitions
simultaneously with increasing temperature, implying
that the lipid chains mix thoroughly and there are no
separated lipid domains in any of the six deuterated
models. These results suggest that the altered CER
NS:CER NP molar ratio, which only changes the lipid
head group structure, does not influence the homo-
geneous mixing behavior of the compositions with
CER NS:CER NP ratio of 1:2 and 2:1. The scissoring
vibrations are used to obtain a more detailed insight
in the mixing behavior of the lipids, as described
below.
Fig. 4. SANS one-dimensional plots of the six lipid models corres
hydrated at 100% D2O/H2O buffer. The intensity plotted as a functi
corresponding to the first six diffraction peaks of the LPP and the
separated crystalline CHOL peak is indicated by an asterisk.
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Molecular arrangement of the LPP unit is not
influenced by the CER NS:CER NP ratio change

The effect of a change in CER NS:CER NP ratio on
the location of the deuterated acyl chains of CER NS
and CER NP in the LPP unit was examined with SANS.
This was studied in models with the CER NS:CER NP
ratio of 1:2 and 2:1. The 1D plots of the intensity as a
function of the scattering vector q showed equidistant
peaks attributed to the LPP (Fig. 4). The d-spacing of
the unit cell was calculated and its value was 12.5 ±
0.03 nm for all samples, without a difference based on
the CER NS:CER NP ratio. The phase-separated crys-
talline CHOL peak was observed at q = 1.8 nm−1 and did
not overlap the LPP diffraction peaks, allowing the
integration of all the diffraction orders.

The SLD profiles of each model, with the three hy-
dration levels (8%, 50%, and 100% D2O/H2O), were
determined after the calculation of the structure fac-
tors and phase signs (Eq. 5). The water SLD profiles
were calculated as the difference between the SLD
profile intensity of the protiated sample hydrated at
100% D2O/H2O and the SLD profile intensity of the
same sample hydrated at 8% D2O/H2O buffer (Fig. 5A,
C). Apart from the two regions at the unit cell border
(located at 6.3 ± 0.1 nm from the center of the unit cell),
the water profiles of the two protiated samples (LPP
NS:NP 1:2 and LPP NS:NP 2:1) also show two inner water
regions positioned at 2.2 ± 0.1 nm from the center of
the unit cell (Fig. 5B, D). The location of the water
molecules corresponds to the lipid head group region.
This demonstrates that the LPP has a centrosymmetric
trilayer structure, in agreement with previous studies
(55, 56).

The SLD profiles of the deuterated samples were
examined to determine if a change in the CER NS:CER
ponding to the two CER NS:CER NP ratio systems (1:2 and 2:1),
on of the scattering vector (q) shows the equidistant Bragg peaks
insert displays a zoom-in of the 1.7–3.5 nm−1 region. The phase-



Fig. 5. The neutron SLD profiles of (A) the LPP NS:NP 1:2 protiated sample, measured at 100% D2O/H2O hydration and 8% D2O/
H2O hydration; (B) the resulting water profile of the LPP NS:NP 1:2 sample; (C) LPP NS:NP 2:1 protiated sample, with the two hy-
dration levels 100% D2O/H2O and 8% D2O/H2O; (D) Water profile of the LPP NS:NP 2:1 model; (E–H) SLD profiles of the acyl chains
of CER NP and CER NS in the LPP NS:NP 1:2 models (E, F) and LPP NS:NP 2:1 models (G, H).
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NP ratio affected the lipid arrangement in the LPP
unit. The positions of the deuterated acyl chains of CER
NS and CER NP were determined by subtracting the
SLD profile of the protiated sample from the SLD
profile of the deuterated sample, both hydrated at 8%
D2O/H2O buffer. The 8% D2O/H2O hydrated models
were used, as there is no contribution of water to the
SLD profile at this ratio. The resulting SLD profiles
indicated the positions of the deuterated moieties in the
LPP unit (Fig. 5E–H). The SLD profile corresponding to
the LPP NS:NPd47 1:2 model displayed a high SLD in-
tensity in the center of the unit cell; however, a slight
elevation of the SLD was also observed in the outer
layers of the LPP (Fig. 5E). This suggests that the
deuterated acyl chain of CER NP is predominantly
located in the central layer of the LPP, with a small
fraction located in the outer layers at the unit cell
boundary. The SLD profile of the LPP NSd47:NP 1:2
model showed the same distribution, indicating that the
acyl chain of CER NS has the same location as the acyl
chain of CER NP (Fig. 5F).

Increasing the CER NS concentration (LPP NS:NP
2:1 model) did not influence the location of the acyl
chains of CER NS and CER NP in the LPP unit of this
model, as the same arrangement of the lipids was
observed (Fig. 5G, H). Each lipid model consisted
overall of 20% NSd47 or NPd47, which represents
6.6% of total lipids, to ensure an equal number of
deuterated chains to be examined by neutron
diffraction and to avoid an overload of the detector.
The relative absolute intensities of the SLD profiles
were similar among the models indicating that the
change of the CER NS:CER NP ratio did not result in
any differences between the positions of the deuter-
ated acyl chains of CER NS and CER NP in the LPP
unit.

CER NS and CER NP both adopt the extended
conformation regardless of the CER NS:CER NP
ratio

The interaction of the lipid chains was further
investigated by examining the shape and the splitting
of the δCD2 (Fig. 6A, B) and δCH2 vibrations in the
FTIR spectra (Fig. 6C, D). When hydrocarbon chains are
packed close to each other (orthorhombic packing), the
CH2 groups interact and CH2-CH2 short-range coupling
occurs creating two peaks in the δCH2 vibrations. The
δCH2 peak splitting distance depends on the size of the
formed orthorhombic lipid domain. A splitting of the
scissoring vibrations is also noticed for deuterated
samples where the CH2 chains are replaced by CD2

chains. The δCH2 and δCD2 vibrations have a large
vibrational energy difference (CH2 in the range of
1470 cm−1 and for CD2 around 1090 cm−1). In deuter-
ated lipid models, if the deuterated chains are located
in close proximity forming large domains, the δCD2

peak to peak distance increases. It reaches a maximum
peak-to-peak distance when the domains are around
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100 chains (66, 67). The δCD2 peak positions are around
1085 cm−1 and 1091 cm−1, inducing a very deep mini-
mum. However, when protiated and deuterated chains
are neighboring and participate in the same ortho-
rhombic lattice, CH2-CD2 chain interactions occur and
as a consequence of the different vibrational energy,
the short-range coupling of the CD2-CD2 chains is lost.
This results in the formation of a central single peak in
the δCD2 vibration at around 1088.5 cm−1, located be-
tween 1085 cm−1 and 1091 cm−1, thus a shallower depth
between the two orthorhombic peaks is observed.

A smaller δCD2 splitting distance indicates a
decreased deuterated lipid domain size. For pure
DFFA24 the peak splitting value is 7.3 ± 0.1 cm−1, which
is the maximum splitting that can be obtained for large
deuterated domains (not shown). In the lipid model LPP
NSd47:NPd47:DFFA 1:2, where the acyl chains of both
CER NS and CER NP are deuterated together with
DFFA, the calculated δCD2 peak splitting distance is 6.2
± 0.1 cm−1 (Table 4). This demonstrates that large
deuterated lipid domains are formed in the system. To
be able to form such large domains, a majority of DFFA
chains should be located in proximity of the deuterated
acyl chains of CER NS and CER NP in the central layer
of the LPP unit. To examine whether domains of
mixed protiated and deuterated lipids occur, resulting
in CD2-CH2 interaction, the peak height ratio between
the two orthorhombic scissoring modes (OR: 1085 cm−1

and 1091 cm−1) and the central scissoring mode (MID:
1088.5 cm−1) was calculated by peak fitting, resulting in
a value of 5.5 ± 0.1 (OR/MID ratio; Table 4). This value
indicates a low number of CD2–CH2 interactions
compared to the CD2–CD2 interactions. As sphingosine
and phytosphingosine chains are protiated, this dem-
onstrates that the sphingosine chains are hardly present
in the central layer of the LPP.

When CER NPd47 is replaced by protiated CER NP
resulting in the LPP NSd47:NP:DFFA 1:2 model, the
δCD2 peak splitting reduces to 4.8 ± 0.1 cm−1, indicating
smaller deuterated lipid domains (Table 4). The OR/
MID peak height ratio of this sample is decreased in
comparison with the model with three deuterated lipids
described above, resulting in a value of 3.8 ± 0.1, indi-
cating that in this sample there are relatively less
CD2–CD2 chain interactions compared to the CD2–CD2

chain interactions in the LPP NSd47:NPd47:DFFA 1:2
model. This demonstrates that the deuterated CER NP
acyl chain was a significant part of the deuterated
domain formed in the LPP NSd47:NPd47:DFFA 1:2
system.

Next, CER NSd47 was exchanged for the protiated
CER NS (LPP NS:NPd47:DFFA 1:2 model). The δCD2

peak splitting distance of this model is 5.4 ± 0.1 cm−1,
which is also a lower value compared to the LPP
NSd47:NPd47:DFFA 1:2 model, indicating that the acyl
chain of CER NS was also part of the large deuterated
domains. The values of the δCD2 peak splitting distance
and peak height ratio are also lower in comparison with



Fig. 6. A: The δCD2 vibrations for the partially deuterated
CER NS:CER NP 1:2 ratio models. B: CER NS:CER NP 2:1 ratio
models measured at 10◦C. C: The δCH2 vibrations for the CER
NS:CER NP 1:2 models. D: CER NS:CER NP 2:1 models. Each lipid
model is annotated in the graph. The δCD2 peak splitting values
were calculated as the difference between the peak positions of
the two peaks and are listed in Table 4.
the LPP:NS:NPd47:DFFA 1:2 model, as shown by the
data in Table 4. This difference is caused by the lower
concentration of CER NS compared to CER NP in the
LPP NS:NP 1:2 ratio model (CER NS represents 20% of
the total CERs, while the CER NP concentration is 40%).

When analyzing the lipid models with the CER
NS:CER NP ratio of 2:1, a similar trend to the 1:2 models
was observed (Fig. 6B). The fully deuterated model
(LPP NSd47:NPd47:DFFA 2:1) has a large δCD2 peak
splitting distance of 6.3 ± 0.0 cm−1, comparable to the 1:2
model with the same deuterated lipids composition.
This indicates that the size of the deuterated domains in
the two compositions is very similar. Furthermore,
comparable results are obtained for the partially
deuterated models LPP NSd47:NP:DFFA 2:1 and LPP
NS:NPd47:DFFA 2:1, where the δCD2 peak splitting
distance is 5.5 ± 0.1 cm−1 and 4.7 ± 0.1 cm−1 and the OR/
MID peak height ratios of 5 and 3.9 respectively
(Table 4). This reveals that the deuterated acyl chains of
CER NS and CER NP are indeed part of the large
deuterated domains of the CER NS:CER NP 2:1 models.
The difference in the δCD2 peak splitting values be-
tween the LPP NSd47:NP:DFFA 2:1 and LPP
NS:NPd47:DFFA 2:1 models (observed from Fig. 6B and
Eff
Table 4) are caused by the different concentrations of
the deuterated CER NS and CER NP in the model.

When comparing the peak splitting of the LPP
NSd47:NP:DFFA with the LPP NS:NPd47:DFFA models,
the peak splitting distances and δCD2 peak height ratios
were similar when the same fraction of deuterated
CERs was compared for both the 1:2 and the 2:1 models
(Table 4).

The δCH2 vibrations of all these partially deuterated
LPP models show a single peak at 1468 cm−1 at 10◦C
(Fig. 6C, D). This indicates that the protiated lipid chains
were well mixed with the deuterated lipid chains and
they did not form phase-separated protiated lipid do-
mains. Possibly a fraction of the protiated chains may
also be in a hexagonal packing contributing to the single
peak at 1468 cm−1. Figure 6C and D also indicate that the
δCH2 vibrations of the LPPNSd47:NP:DFFA 1:2 and LPP
NS:NPd47:DFFA 2:1 models show a broader peak. The
lower level of deuterated lipid compared to the models
LPP NS:NPd47:DFFA 1:2 and LPP NSd47:NP:DFFA 2:1
may play a role here as this reduced the CD2-CH2 in-
teractions and increased the CH2–CH2 interactions.

DISCUSSION

In living cell membranes, CERs are in competition
with CHOL to interact with the amide group of
sphingomyelin by forming a network of hydrogen
bonds. These interactions are of interest as they play a
role in the formation of lipid rafts (68). In SC, the sit-
uation is different as hardly no phospholipids are pre-
sent. However, CHOL and CERs form stable
membranes, even in the absence of FFAs, and strongly
interact with each other (38). This strong interaction is
important, as the SC serves as a barrier to minimize the
permeation of compounds to the viable epidermis.

The present study aimed to investigate the effect of
changing the CER NS:CER NP molar ratio on the
composition of a simple lipid model consisting of CER
EOS, CER NS, CER NP, CHOL, and FFA C24. The lipid
organization, lipid chain interactions, lipid arrange-
ment, and barrier functionality of these models were
examined, as previous studies have shown that an
altered CER NS:CER NP ratio represents one of the
lipid compositional changes in the SC of inflammatory
skin diseases (29, 33–35). The results of this study
showed that the position of CER NS and CER NP in the
unit cell is very similar and that varying the CER
NS:CER NP ratio (1:2 and 2:1) did not influence the
location of the acyl chains of CER NS and CER NP in
the LPP unit. Both of these acyl chains were mainly
positioned in the inner layer, but with a minor part
located in the outer layers of the LPP, similar to a
recent study on an LPP model with a CER NS:CER NP
1:1 ratio (48). A schematic drawing of the unit cell lipid
arrangement is provided in supplemental Fig. S3.

Lipid models prepared either with isolated CERs
(porcine or humanorigin) or synthetic CERs, withCHOL
ect of ceramides on lipid arrangement in skin models 11



TABLE 4. δCD2 peak splitting and the δCD2 peak height ratio
(OR/MID) of the six deuterated LPP models, at 10◦C

Lipid Model
δCD2 Peak

Splitting (cm−1)

δCD2 Peak
Height Ratio
(OR/MID)

LPP NSd47:NP:DFFA 1:2 4.8 ± 0.1 3.8 ± 0.1
LPP NS:NPd47:DFFA 1:2 5.4 ± 0.1 5.0 ± 0.0
LPP NSd47:NPd47:DFFA 1:2 6.2 ± 0.0 5.4 ± 0.1
LPP NSd47:NP:DFFA 2:1 5.5 ± 0.1 5.0 ± 0.0
LPP NS:NPd47:DFFA 2:1 4.7 ± 0.1 3.9 ± 0.1
LPP NSd47:NPd47:DFFA 2:1 6.3 ± 0.0 5.5 ± 0.1

Data are shown as an average of 3 measurements for each
composition ± SD.
and FFAs, have been shown to mimic the unique phase
behavior of native SC (36–41). Previous studies reported
the same lipid organization andmolecular arrangement
both in lipid models with a larger number of lipid sub-
classes (complex models) and in simpler compositions
with only two CER subclasses (48, 55, 62). This important
finding allowed the use of lipid models with a limited
number of components for understanding the molecu-
lar arrangement of lipids in SC models. Thus, the find-
ings of this study using simple lipid compositions can be
extrapolated both to the complex lipid models (with
synthetic or isolated CERs) and to the SC lipid matrix.

The similar arrangement and location of CER NS
and CER NP in the LPP unit cell regardless of the molar
ratios represent an indication of the adaptability of the
SC lamellar phase to changes in the lipid head group
structure. This can represent a possible reason why the
CER composition in murine and porcine SC (both
having CER NS as the most abundant CER subclass) is
very different from that in human SC (having CER NP
as an abundant CER subclass), while the phase behavior
in SC of these three species is very similar (10, 69). The
linear conformation of the CERs in these lipid models
allows a tighter packing of the lipid chains, which is
favorable for the skin barrier. Overall, apart from the
relevance to inflammatory skin diseases, the results of
this study enhance the understanding of the lipid or-
ganization in SC of various species.

Location and conformation of CER NS and CER NP
not affected by the changes in the composition

Neutron diffraction was used to localize the acyl
chains of CER NS and CER NP in the LPP unit of the
LPP NS:NP 1:2 and LPP NS:NP 2:1 models. The SLD
profiles obtained showed that the deuterated acyl
chains of CER NS and CER NP had the same location in
the LPP unit cell, predominantly in the central layer,
with a small fraction in the outer layers of the
repeating unit, for both the CER NS:CER NP 1:2 and 2:1
models. The large splitting of the δCD2 vibrations in the
FTIR spectra revealed large deuterated lipid domains
in the LPP of the models LPP NSd47:NPd47:DFFA (1:2
and 2:1 ratio), suggesting that the deuterated acyl chains
of CER NS, CER NP, and DFFA are neighboring.
Therefore, it can be concluded that the CER acyl chains
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and the FFA are in close proximity in the inner layer of
the LPP unit cell.

Besides the large splitting, the deep minimum be-
tween the two δCD2 peaks of the LPP
NSd47:NPd47:DFFA model also indicates that the CD2-
CH2 interactions are reduced to a minimum in the two
models. Therefore, CER NS and CER NP with the
headgroup located in the two central head group re-
gions adopt primarily an extended conformation,
allowing for the acyl chains and FFAs to be in close
proximity in the inner layer. It is unlikely that the
deuterated acyl chains of CER NS and CER NP interact
with the protonated sphingoid bases of these CERs (as
would be the case if the CERs adopted hairpin con-
formations) as this would introduce extensive CD2-CH2

interactions. Furthermore, our results demonstrate that
the conformations of CER NS and CER NP are not
influenced by the change in the CER NS:CER NP molar
ratio. A similar location of the acyl chains of CER NS
and CER NP and an extended conformation of these
CERs were also encountered in a LPP NS:NP 1:1 model,
described in a recent study (48).

The results of this study demonstrate the adaptability
of the LPP unit cell organization to changes in the CER
head group architecture: partial replacement of CER
NS that has a double bond close to the head group re-
gion by CER NP with a C4-hydroxyl group on that
position does not affect the lipid arrangement in the
unit cell of the LPP.

Choice of CER NS:CER NP ratio for the models
In inflammatory skin diseases such as atopic derma-

titis, psoriasis, and Netherton syndrome, alongside an
altered SC lipid composition and organization
compared to control SC, an altered skin barrier func-
tion has been reported, often monitored by TEWL (4,
29–31). A strong correlation has been shown between an
increased CER NS:CER NP molar ratio and elevated
TEWL (35), which might therefore represent an
important contribution to the impaired skin barrier
function. In healthy SC, the approximate molar ratio of
CER NS:CER NP is 1:2.3, while in diseased skin, it is
increased to 1:1 or even higher, depending on the
severity of the disease (4, 35). Therefore, in this study,
we used a CER NS:CER NP 1:2 M ratio as a model for
control (healthy) skin, while the models with a CER
NS:CER NP ratio 2:1 and CER NS:CER NP 1:1 used in our
previous study mimic the variation in ratios observed in
diseased skin (48). Similarly, as in patients with atopic
eczema, we observed an elevated TEWL when
increasing the CER NS:CER NP ratio, an indication that
a CER head group change results in an impaired skin
barrier function. However, we did not observe an in-
crease in the flux of E-PABA through the lipid mem-
brane. As the hydrogen bonding between the head
groups is more extensive for CER NP than for CER NS
(70, 71), this may cause the water molecules to interact
more with the CER head groups in the LPP NS:NP 1:2



model, forming hydrogen bonds and reducing the
TEWL flux. Due to its structure, E-PABA may form
fewer hydrogen bonds with the CER headgroup and
this could be a reason for the similar E-PABA flux of
the two models.

In this study, we varied CER NS:CER NP ratio while
keeping the CER chain lengths equal. Previous clinical
studies observed that in patients with atopic dermatitis,
psoriasis, and seborrheic dermatitis the CER NS:CER
NP ratio correlates with the TEWL (J. Rousel et al., un-
published results) (35, 72). However, besides the increase
in the CER NS:CER NP ratio, a simultaneous reduction
in chain length also occurs in vivo, as the CER NS
subclass contains a higher level of CER C34 than CER
NP (20, 21, 73). Since we keep the CER chain lengths the
same in our models, we demonstrate that a change
exclusively in the CER NS:CER NP molar ratio affects
the lipid barrier. A recent study by Rousel et al. also
showed a strong correlation between the CER NS:CER
NP total ratio and the TEWL in SC of seborrheic
dermatitis patients (J. Rousel et al., unpublished results).
In this study, when narrowing the chain length distri-
bution of CER NS and CER NP between C40 and C53
(total number of carbon atoms) while excluding the
influence of C34 CERs, an excellent correlation be-
tween the molar ratio CER NS:CER NP and TEWL is
still observed in patients (supplemental Fig. S4), con-
firming that the change in CER head group ratio plays
a role in the impaired skin barrier function as well. In
agreement with our results, another study showed that
the permeability of an LPP lipid membrane comprised
of 60% CER NS C24 / 40% CER EOS was also signifi-
cantly higher than that of a model with 60% CER NP /
40% CER EOS (50).

Conformational ordering of the lipid models
An increase in the νsCH2 wavenumber at 10◦C was

observed for the LPP NSd47:NPd47:DFFA (1:2 and 2:1
ratios) models in comparison with the protiated sam-
ples LPP NS:NP (1:2 and 2:1) and the LPP
NSd47:NP:DFFA and LPP NS:NPd47:DFFA models.
Possibly the sphingoid bases have a lower conforma-
tional ordering than the acyl chain of the CERs and
FFAs and a fraction of these might be in a hexagonal
packing, as also indicated by the single peak in the
δCH2 vibrations in the membranes of the LPP
NSd47:NPd47:DFFA 1:2 and 2:1 ratios, as the level of
deuterated chains in the outer layers is expected to be
low. However, an increase can also be caused by
changes in intermolecular coupling between the
chains, which increases the frequency of the νsCH2

wavenumber in the partly deuterated samples (74).
This effect is more pronounced for the νsCH2 vibra-
tion, as intermolecular coupling does not affect the
νsCH2 and νsCD2 bands to the same extent. The νsCH2

vibrations of the deuterated models (LPP
NSd47:NPd47:DFFA 1:2 and 2:1 ratios) show an in-
crease of the wavenumber between 30-40◦C,
Effe
characteristic for a phase transition from ortho-
rhombic to hexagonal packing; however, there is a
singlet observed in the δCH2 vibrations. These results
indicate that besides the hexagonal packing, a part of
the protiated lipids is in an orthorhombic phase:
sphingosine chain of CER NS, phytosphingosine chain
of CER NP, alongside the CER EOS and CHOL, which
are all located in the outer layers of the LPP unit cell
(supplemental Fig. S3). The increased width of the
singlet peak of the δCH2 vibrations at 1468 cm−1 in the
LPP NSd47:NP:DFFA 1:2 and LPP NS:NPd47:DFFA 2:1
compositions indicates that indeed small fractions of
the acyl chains of CER NS and CER NP are present in
the outer layers of the LPP, partitioning in an ortho-
rhombic packing.
CONCLUSION

This study investigated the effect of systematically
changing the molar ratio of CER NS and CER NP in
lipid models that mimic the lipid organization of the
SC. This is one of the lipid compositional changes pre-
viously reported in inflammatory skin diseases corre-
lating with skin barrier impairment. Our findings show
that an increased CER NS:CER NP molar ratio
(mimicking the diseased SC ratio) does not alter the
lipid organization and molecular arrangement of the
LPP, while the TEWL was increased in the LPP NS:NP
2:1 model, suggesting an impaired barrier function for
water. This indicates that the CER NS:CER NP molar
ratio might impair the skin barrier function irre-
spective of a change in chain length observed simulta-
neously in clinical studies. The similar lipid
organization and arrangement reported in the lipid
models investigated in this study demonstrate the
adaptability of the LPP to small changes in the CER
head group structure.
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