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Cite This: ACS Omega 2023, 8, 422−435 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Ceramides belong to sphingolipids, an important
group of cellular and extracellular lipids. Their physiological functions
range from cell signaling to participation in the formation of barriers
against water evaporation. In the skin, they are essential for the
permeability barrier, together with free fatty acids and cholesterol. We
examined the periodical structure and permeability of lipid films
composed of ceramides (Cer; namely, N-lignoceroyl 6-hydroxy-
sphingosine, CerNH24, and N-lignoceroyl sphingosine, CerNS24),
lignoceric acid (LIG; 24:0), and cholesterol (Chol). X-ray diffraction
experiments showed that the CerNH24-based samples form either a
short lamellar phase (SLP, d ∼ 5.4 nm) or a medium lamellar phase
(MLP, d = 10.63−10.78 nm) depending on the annealing conditions.
The proposed molecular arrangement of the MLP based on extended
Cer molecules also agreed with the relative neutron scattering length density profiles obtained from the neutron diffraction data. The
presence of MLP increased the lipid film permeability to the lipophilic model permeant (indomethacin) relative to the CerNS24-
based control samples and the samples that had the same lipid composition but formed an SLP. Thus, the arrangement of lipids in
various nanostructures is responsive to external conditions during sample preparation. This polymorphic behavior directly affects the
barrier properties, which could also be (patho)physiologically relevant.

■ INTRODUCTION
Whenever nature needs to create a barrier against desiccation
or a waterproof coating, it employs hydrophobic compounds
with long, saturated aliphatic chains and various functional
groups. For example, leaves, stems, or fruits of most higher
plants are protected from desiccation by cuticular and
epicuticular waxes.1 The cornea of the eye is coated with a
tear film which contains various lipids to limit water
evaporation from the corneal epithelium.2,3 The waxes
waterproof the outermost part of the insect cuticles,4 and
internal wool lipids impregnate sheep wool.5 Some of these
water barrier solutions use long fatty acids, cholesterol (Chol),
cholesterol-esters, and ceramides (Cer).5,6 The skin perme-
ability barrier is not an exception. In the skin, mainly Cer, free
fatty acids (FFAs), and Chol are involved in the formation of
aligned multilamellar lipid stacks between corneocytes of the
uppermost skin layer, the stratum corneum (SC).7 This highly
organized lipid matrix acts as a barrier, which restricts water
loss and hinders the entry of exogenous substances into the
organism.8

Ceramides with very long aliphatic chains are hydrophobic,
solid at room temperature, melt without decomposing at the
temperature of the main phase transition around 95 °C,9,10 and

have numerous thermotropic phase transitions.11 Chemically,
Cer are sphingolipids derived from a long-chain sphingoid base
by attaching a fatty acid by an amide bond to an amino group
in position 2.12 Cer play a key role in cell signaling as the
precursor of more complex sphingolipids and as the
indispensable component of the skin permeability barrier.7,13,14

The best-explored area of sphingolipid biology is metabo-
lism.15,16 Cer as a component of the cell membrane undergo
lateral segregation and form ceramide-rich platforms.17,18

However, the molecular arrangement of extracellular skin
lipids remains unclear.19−26 Electron microscopy has detected
lamellar structures with a regular arrangement of broad/
narrow/broad electron-lucent bands in SC lipids.27 X-ray
diffraction (XRD), which is sensitive to periodic fluctuations in
electron density at the nanoscopic scale, revealed ∼13,23,28,29

and ∼6 nm30 repeat distances in the SC along with an ∼3.4 nm
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repeat distance coming from crystalline Chol.30,31 Ultralong
Cer containing 30−34C acyl chains with linoleic acid ester-
linked to ω-hydroxyl (ω-O-acylCer)32 were reported to be
necessary for the formation of the lamellar phases with a long
repeat distance.33,34 The molecular arrangement of skin lipid
models was also investigated by neutron diffraction
(ND).26,35−38

It turned out that a structure with a rather long repeat
distance of 10.6 nm can be formed in the Cer-based lipid
models even without ω-O-acylCer�the medium lamellar
phase (MLP).39 The very first report on MLP was most likely
published in 1993 by Parrott and Turner,40 but this structure
was for a long time considered to be nonrepresentative for
SC.41,42 After several years, the very high magnification cryo-
electron microscopy revealed the ∼11 nm repeating unit of the
SC lipid matrix in its near-native state.25 MLP with d ∼ 10.6
nm, which is close to the reported 11 nm SC lipid unit, was
detected in skin lipid models based on different Cer types:
CerNS24 (N-lignoceroyl-D-erythro-sphingosine),39 CerNH24
(N-lignoceroyl-D-erythro-6-hydroxysphingosine),43 and the
Cer analogue 3-deoxy-CerNS24.44 A double-bilayer structure
was proposed for MLP;40 however, it has not been system-
atically investigated.
The aim of this study is to shed more light on the principles

of the molecular organization of Cer-based multilamellar films.
Such films serve as an approximation of aligned extracellular
lipid stacks observed in SC. We studied the conditions of MLP
formation in lipid models with various proportions of
CerNH24 and CerNS24 (Figure 1) and its structure by

XRD and ND. Moreover, we studied how the lipid films resist
water loss and the selected permeants are permeated.
CerNH24 is found exclusively in the skin and is therefore
important for skin barrier function, although it is not the most
abundant Cer species.45 CerNH24 is structurally similar to
CerNS24, and it only contains an additional hydroxy group in
position 6 of the sphingoid backbone. Furthermore, CerNH24
is not commercially available, which limits the possibilities of
its investigation.

■ EXPERIMENTAL SECTION
Chemicals and Materials. N-Lignoceroyl-D-erythro-sphin-

gosine d18:1/24:0 (CerNS24) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). N-Lignoceroyl-D-erythro-6-
hydroxysphingosine d18:1/24:0 (CerNH24) was synthesized,

and its structure and purity were determined as described in ref
9. Cholesterol from lanolin (Chol), cholesteryl sulfate (CholS),
tetracosanoic acid (LIG), theophylline (TH), indomethacin
(IND), gentamicin sulfate from Micromonospora purpurea,
sodium phosphate dibasic dodecahydrate, propylene glycol,
and solvents were purchased from Sigma-Aldrich Chemie
Gmbh (Schnelldorf, Germany). Sodium hydroxide, sodium
chloride, potassium chloride, sodium phosphate monobasic
dihydrate, and potassium sulfate were supplied by Lachema
(Neratovice, Czech Republic). The chemicals were of
analytical grade and were used without further purification.
All the solvents were of analytical or high-performance liquid
chromatography (HPLC) grade. The aqueous solutions were
prepared using ultra-pure water (Milli-Q RG water purification
system, Millipore, Burlington, Massachusetts, USA). D2O was
provided by Heinz Maier-Leibnitz Zentrum (Garching,
Germany). Nuclepore track-etched polycarbonate membranes
with a 0.015 μm pore size were from Whatman (Kent,
Maidstone, United Kingdom). Esco 22 × 22 mm2 microscope
cover glasses were from Erie Scientific LLC (Portsmouth, New
Hampshire, USA). Borofloat 33 wafers 30 × 60 × 2 mm3 in
size were from Schott Technical Glass Solutions, GmbH (Jena,
Germany).
Preparation of Lipid Films for XRD and Permeation

Experiments. The lipids (CerNH24, CerNS24, LIG, and
Chol) were dissolved in 2:1 chloroform/methanol (v/v) and
mixed at the molar ratios specified in Table 1. The molar ratio

of Cer/LIG/Chol = 1:1:1 was kept constant. The lipid
mixtures were dried under a stream of nitrogen and in a
vacuum and redissolved in 2:1 hexane/96% ethanol (v/v) at
4.5 mg/mL. Nuclepore polycarbonate filters were washed in
2:1 hexane/96% ethanol, dried, and mounted in a steel holder
with a 0.79 cm2 circular opening. The lipid solutions (3 × 100
μL providing 1.35 mg lipids per 1 cm2) were sprayed on the
polycarbonate filters under a stream of nitrogen at a flow rate
of 10.2 μL/min onto a 10 × 10 mm2 square using a Linomat V
(Camag, Muttenz, Switzerland) equipped for additional y-axis
movement.22 For XRD, the lipid solutions were sprayed onto
cover glasses in the same manner. The lipid layer thickness was
approximately 11 μm.20,46

The prepared lipid films were dried overnight in a vacuum
and were stored at 2−6 °C. Before use, the lipid films were
annealed by either of the following protocols (a,b).

a) Annealing at 90 °C. The samples were placed on
aluminum circular supports in empty aluminum contain-
ers and sealed. The containers with samples were heated

Figure 1. Chemical structures of the lipids (CerNS24, CerNH24,
LIG, Chol, and CholS) used for the preparation of the lipid films.

Table 1. Compositions of the Lipid Films for the XRD and
Permeation Experiments

lipid film composition (molar ratios)

sample label CerNH24 CerNS24 LIG Chol

0/100 0 100 100 100
12.5/87.5 12.5 87.5 100 100
25/75 25 75 100 100
37.5/62.5 37.5 62.5 100 100
50/50 50 50 100 100
62.5/37.5 62.5 37.5 100 100
75/25 75 25 100 100
87.5/12.5 87.5 12.5 100 100
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to 90 °C, equilibrated at this temperature for 10 min,
and slowly (∼3 h) cooled to room temperature.

b) Annealing at 80 °C with H2O. The samples were placed
on aluminum circular supports upon a small amount of
distilled water in aluminum containers and sealed (the
water was not in contact with the lipids). In the case of
the samples applied to glass supports, water vapor can
penetrate through the film only from one side. To
maintain consistent conditions for the films on cover
glasses and polycarbonate filters, we placed a silicone
rubber seal over one side of the opening of each steel
holder. The margins of the silicone rubber seal were
smeared with silicone grease to ensure its adhesion to
the steel holder. The films applied to the polycarbonate
filters were accessible to water vapor only from the
lipidless side of the filter. The containers with samples
were placed in an oven preheated to 80 °C, equilibrated
at this temperature for 30 min, and slowly (∼3 h) cooled
to room temperature. This protocol was used to be
consistent with the previous experiments.43

XRD. The films were equilibrated at room temperature for
at least 24 h before the XRD measurements. The XRD data
were collected at room temperature, humidity, and atmos-
pheric pressure with an X’Pert PRO θ−θ powder diffrac-
tometer (PANalytical B.V., Almelo, Netherlands) with
parafocusing Bragg−Brentano geometry using Co Kα radiation
(λ = 0.17903 nm, U = 35 kV, I = 40 mA) in modified sample
holders over the angular range of 0.6−30° (2θ). The data were
scanned with an ultrafast position-sensitive linear one-dimen-
sional (1D) X’Celerator detector with a step size of 0.0167°
(2θ) and a counting time of 20.32 s step−1.
The structure of the sample designed for ND was verified at

room temperature and humidity using a D8 ADVANCE θ−θ
(Bruker AXS GmbH, Karlsruhe, Germany) powder diffrac-
tometer with parafocusing Bragg−Brentano geometry using Co
Kα radiation (λ = 0.17903 nm, U = 34 kV, I = 30 mA). The
data were scanned with an ultrafast detector, LynxEye, over the
angular range 2−30° (2θ) with a step size of 0.0196° (2θ) and
a counting time of 76.8 s step−1.
The XRD data were evaluated using X’Pert Data Viewer

software (PANalytical B.V., Almelo, Netherlands). The XRD
patterns show the raw scattered intensity without normal-
ization as a function of the magnitude of the scattering vector q
[nm−1], which is proportional to the scattering angle 2θ,
according to the equation

=q
4 sin( )

(1)

where λ is the wavelength of the radiation. The diffractograms
of the lamellar phases exhibit a set of Bragg reflections whose
reciprocal spacings are in the characteristic ratios of

=q
n

d
2

n (2)

(diffraction index n = 1, 2, 3...). The repeat distance d [nm]
characterizes the spacing between adjacent scattering planes of
parallel lipid layers arranged in a one-dimensional lattice in real
space. The repeat distance d was obtained from the slope a of a
linear regression of the dependence

= +q a n q.n 0 (3)

where q0 is a constant corresponding to a shift of the origin,
according to the equation

=d
a

2
(4)

Selected samples were measured at room temperature and
humidity with a D8 Discover microdiffraction system (Bruker
AXS GmbH, Karlsruhe, Germany) using Co Kα radiation (λ =
0.17903 nm, U = 35 kV, I = 40 mA). The sample was placed
on the xyz programmable stage with x, y, and z translations in
the range of 0−24 mm. The XRD was recorded at ω = 2.5°,
which is the angle between the primary beam and the sample,
and γ = 10.5°, which is the angle between the Vantech two-
dimensional (2D) detector and the sample. The beam
irradiated the sample area of 14 × 0.3 mm2 with a counting
time of 3 min per image. The data were analyzed using the
software package Bruker EVA 4.0 (Bruker AXS GmbH,
Karlsruhe, Germany).
ND Experiments. The sample for the ND experiment was

prepared from 15 mg of the CerNH24/NS24/LIG/Chol
mixture at the molar ratio of 75/25/100/45 with 5 weight % of
CholS. The lipids were dissolved in chloroform/methanol =
2:1 (v/v), and CholS was dissolved in methanol. The aliquots
were mixed at the desired ratio, the solvent was evaporated,
and the dry lipid mixture was redissolved in hexane/ethanol
96% = 2:1 (v/v) at the concentration of 4.5 mg/mL. The lipid
solution was sprayed at the flow rate of 10.2 μL/min on an 18
× 30 mm2 area of a Borofloat 33 wafer using a Linomat V
instrument (Camag, Muttenz, Switzerland) equipped for
additional y-axis movement.22 The traces of the solvents
were removed in a vacuum overnight, and the sample was
annealed at 90 °C by protocol (a) described in the previous
section. The thickness of the lipid layer was calculated to be 43
μm.
The ND was measured using a cold-neutron three-axis

spectrometer MIRA47 located at the neutron source in Heinz
Maier-Leibnitz Zentrum (Garching, Germany). The neutron
radiation wavelengths λ = 0.5026 and 0.4490 nm were selected
using the HOPG graphite monochromator and collimated
using a 30″ collimator. A HOPG graphite analyzer and a 3He
detector were used. The beam dimensions were 5.00 × 15.00
mm2.
The sample was placed in the airtight humidity chamber and

measured at three different contrast conditions (100, 63, and
8% D2O in H2O v/v) at 98% relative humidity (RH) achieved
over the saturated K2SO4 solution at T = 32 °C. Before
measurement, the sample was equilibrated at the given contrast
conditions for 1 h. Before the θ−2θ-scan, the rocking curve of
the sample was recorded by rotating the sample position with
the detector fixed at a Bragg position, corresponding to the 2nd
order reflection (2θ = 5°, λ = 0.4490 nm). The precise position
of the sample in the beam was set using a goniometer
according to the rocking curve, which yielded the highest
intensity of the reflections. A θ−2θ-scan (θ = sample angle; 2θ
= detector angle, λ = 0.5026 nm, step size 2θ = 0.075°) with
the detector rotating double the sample angle was performed
to obtain diffraction patterns as a function of the scattering
vector q. The acquisition time for a single sample at one
contrast condition was ∼8−10 h. The detected intensity was
converted to one-dimensional diffraction patterns as a function
of the scattering angle 2θ and normalized to the incoming flux
and acquisition time. The 2θ angle was converted to the
scattering vector q according to eq 1. The ND reflections were
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fitted by the Gaussian−Lorentzian Cross-Product function
above the linear background using OriginPro 2018b software.
The 1st order reflections were fitted by the same function
above the background fitted by the two-phase exponential
decay function using the same software. The fitted peak
parameters served for further calculation. The intensities Ih
(fitted peak areas) were corrected for the incident flux (Cflux),
the sample absorption (Cabs), and the Lorentz factor (CLor), as
was described48 using the following equations

=
( )

C 1

erf Lflux sin( )
8 (5)

where erf is the error function, L is the sample length (∼2 cm),
and 2σ is the beam width (0.5 cm).

=C
1 exp

t

tabs

2
sin( )

2 /sin( ) (6)

where t is the sample thickness (∼0.0043 cm), and μ (∼5.6−6
cm−1) is the absorption coefficient. The sample thickness t was
estimated from the applied amount of lipid, sample area, and
assumptive dry lipid density (ρ ∼ 0.87 g cm−3) reported in ref
37. The absorption coefficient μ was calculated from the total
neutron cross-section (i.e., the sum of the coherent and
incoherent scattering cross-sections and the absorption cross-
section) of all the elements at the used wavelength (data from
the NIST Center for Neutron Research), density, and the
chemical composition of the sample according to the equation

=
N

V
i i

(7)

where Ni is the number of specific atoms i, φi is the total
neutron cross-section, and V is the volume of the sample. The
hydration of the sample at various contrast conditions was
included in the μ calculation, so we added two water molecules
per lipid.37 The Lorentz correction was calculated as

=C sin(2 )Lor (8)

The Lorentz correction in eq 8 applies for the well-aligned
(oriented) lamellae and can be different for samples with more
mosaic spread.49,50 The absolute values of scattering form
factors for various orders h were calculated using the equation

| | =F C C C Ih hflux abs Lor (9)

where Ih is the scattering intensity of the individual order. The
phase angles were assessed according to the H2O−D2O
exchange method described in ref 51 and will be discussed in
Results. The relative neutron scattering length density (NSLD,
ρ(z)) profiles across the lipid layer with the origin (z = 0 nm) in
its middle were calculated according to the equation

=
=

F hz
d

cos
2

z
h

h

h( )
1

max i
k
jjj y

{
zzz

(10)

The form factor errors δFh were derived from the
uncertainties of experimental intensities expressed as the
square root of the integrated intensity Ih of each reflection
and included in the calculations of the uncertainties of the
reconstructed NSLD profiles. Note that the approach of NSLD
error estimation is not unified in the literature.26,37,38,51−57 The

uncertainties of the relative NSLD profile (δρ(z)) were
calculated according to ref 58 from the following equation

= ±
=

F
hz

d
( ) cos

2
z

h

h

h( )
1

2 2

1/2
max

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (11)

The theoretical continuous form factor was calculated via
the equation inverse to eq 10

=F q zcos( )dq z( )
0 ( ) (12)

that is true for centrosymmetric systems implied in this
study.59

Permeation Experiments. The permeability of the model
lipid films was evaluated using Franz diffusion cells with an
available diffusion area of 0.5 cm2 and an acceptor compart-
ment of approximately 6.5 mL. The precise volume for each
cell was measured individually and was included in the
calculation. The annealed samples were equilibrated at 32 °C
for 24 h and were then removed from the steel holders and
mounted in Teflon holders. The samples were fixed between
the upper and lower parts of the Franz cells, with the lipid film
facing the donor compartment. The margins of the holders and
diffusion cells were smeared with silicone grease to ensure their
mutual adhesion. The acceptor compartment of the cell was
filled with phosphate-buffered saline (PBS) solution, pH 7.4,
containing 50 mg/L gentamicin and stirred at 32 °C. The
samples were left to equilibrate for 68 h.
After equilibration, water loss (see below) was measured.

The next day, 100 μL of the first donor sample, a 5%
theophylline (TH) suspension in 60% propylene glycol in
water, was applied to the samples. Samples of the acceptor
phase (300 μL) were collected every 2 h over an 8 h period
and were replaced by the same volume of PBS. During this
period, a steady-state situation was reached. After the first 8 h
of the permeation experiment, the applied donor suspension
was carefully washed with PBS at pH 7.4, and the residual PBS
was removed using cellulose swabs. The acceptor phase was
removed and replaced with fresh PBS at pH 7.4. The samples
were equilibrated for 12 h. Then, 100 μL of a 2% indomethacin
(IND) suspension in 60% propylene glycol in water was
applied. The permeation experiment was repeated as described
above. By conducting the experiment with IND on fresh
samples, we previously verified that the first permeation
experiment with TH did not alter the outcome of the second
experiment with IND.60,61 The TH- and IND-containing
samples were measured using isocratic reverse-phase HPLC.
For further details on the data evaluation and statistics, see the
Supporting Information. The data are reported as the steady-
state flux of theophylline (TH) [μg/cm2/h] and indomethacin
(IND) [μg/cm2/h], henceforth referred to as the flux of TH
and IND. For further validation and comments, see our
previous work.46

Measurement of Water Loss through Lipid Films. The
water loss through model films was measured using equipment
for transepidermal water loss measurement, namely, an
Aquaflux AF200 (Biox Systems Ltd, London, England) with
a condenser-chamber with sensors for RH and temperature.
The Franz cell was removed from the water bath; its upper part
was removed, and the probe was placed on the Teflon sample
holder with a 0.5 cm2 circular opening. The average steady-
state value was recorded using Aquaflux Software Version 9.3.
Each sample was measured twice in the interval of
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approximately 3 h, and an average of these two values was
used. We did not place the measurement chamber directly on
the lipid film but tightly on the surface of the Teflon holder
with a circular opening. Thus, the measurement chamber
adsorbed the water vapor from a larger area (0.5 cm2) exposed
by Teflon holders than the area of the chamber hole itself
(0.385 cm2). The obtained raw water loss values are therefore
presented in arbitrary units.

■ RESULTS
The periodic structure of the CerNH24/CerNS24/LIG/Chol
films prepared at various Cer molar ratios (Table 1) was
detected by XRD. The 1D XRD patterns (Figures 2 and 3)

show the raw XRD intensity on the logarithmic scale as a
function of the scattering vector q (nm−1). The small-angle
XRD region (SAX) of patterns contains information about the
periodic structure in the direction perpendicular to the lamellar
plane, and the wide-angle XRD region (WAX) is related to the
regular in-plane arrangement of lipid chains. The list of all

detected XRD reflections is in Tables S1 and S2, Supporting
Information.
SAX Measurements. Lipid Films Annealed at 90 °C. The

CerNS24/LIG/Chol sample, that is, without CerNH24
(hereafter referred to as the 0/100 sample), served as a
control. The 0/100 sample had several regularly spaced
reflections in SAX (black line in Figure 2A), which were
attributed to the diffraction orders 1, 2, 3, 4, 6, up to 9 (only
the 1st to the 7th order reflections are shown here for clarity)
of the parallel lipid lamellae, providing a repeat distance d =
5.40 nm. This lamellar stacking corresponded to the short
lamellar phase (SLP), frequently reported for many skin barrier
models.32,46,62 Furthermore, reflections of separated Chol were
found (at q = 1.84, 3.68 nm−1), which are also typical for skin
barrier models41,46 and the SC.30

The sample with the lowest fraction of CerNH24, that is, the
12.5/87.5 sample (violet line, Figure 2A), formed an SLP
phase of d = 5.40 nm and separated Chol. We also found weak
additional peaks at q ∼ 1.78 nm−1 (a shoulder of the Chol
reflection at q = 1.87 nm−1) and q = 2.94 nm−1. These
additional reflections were more pronounced in the samples
with even higher fractions of CerNH24 and lower contents of
CerNS24. In the 25/75 sample, reflections at 1.76, 2.93, and
4.09 nm−1 were detected, along with the strong reflections
attributable to SLP.
Additional reflections were found in the range of CerNH24/

CerNS24 molar ratios of 25/75−87.5/12.5 and were assigned
to the odd orders of the MLP, resulting in d = 10.78−10.63
nm. The strong reflections attributable to the SLP could also
be assigned to the MLP as the reflections of even orders 2, 4,
6,... up to 18,39 as the MLP is twice as long as the SLP. The
SLP and MLP represent commensurate phases;39,63 thus, these

Figure 2. XRD patterns of the CerNH24/CerNS24/LIG/Chol
samples prepared at the 0/100/100/100−87.5/12.5/100/100 molar
ratios annealed at 90 °C (panel A). Arabic numerals indicate the SLP
reflections; Roman numerals indicate the MLP reflections; asterisks
indicate the separated Chol reflections. Grid lines predict the position
of odd MLP reflections. The relative intensities are shown on a
logarithmic scale. The area of the XRD peak at q ∼ 2.95 nm−1 (5th
order of the MLP) in the ratio to the area of the XRD peak at q ∼
2.35 nm−1 (attributable to the 2nd order of the SLP and the 4th order
of the MLP) as a function of the CerNH24/CerNS24 molar ratio in
the samples annealed at 90 °C (panel B, filled circles). The area of the
XRD peak at q ∼ 4.1 nm−1 (7th order of the MLP) in the ratio to the
area of the XRD peak at q ∼ 2.95 nm−1 (5th order of the MLP) as a
function of the CerNH24/CerNS24 molar ratio in the samples
annealed at 90 °C (panel B, open circles).

Figure 3. XRD patterns of the CerNH24/CerNS24/LIG/Chol
samples prepared at the 0/100/100/100−87.5/12.5/100/100 molar
ratios annealed at 80 °C/H2O. Arabic numerals indicate SLP
reflections; asterisks indicate separated Chol reflections; full grid
lines predict the position of odd MLP reflections; dashed grid lines
mark the positions of the separated LIG peaks. The relative intensities
are shown on a logarithmic scale.
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samples contained either an MLP or an MLP coexisting with
an SLP. The sample containing CerNH24 as the only Cer
mixed with FFA (16:0−24:0), Chol, and CholS formed an
MLP with d = 10.6 nm and has been described elsewhere.45

Some of the XRD patterns of the samples annealed at 90 °C
also contained weak additional reflections at q = 2.76, 5.95, and
11.10−11.14 nm−1. These reflections were not unambiguously
attributable to the phases identified in the samples. A weak
peak or elevated background occurred at very low q values <1
nm−1, but it was poorly resolved and could have been a residue
of scattering. Because of this uncertainty, such reflections were
not attributed to any phase.
It is difficult to distinguish the MLP and SLP/MLP

coexistence in the abovementioned sample series. The XRD
patterns of the MLP were typical with more intense even
orders and less intense odd orders. Similar XRD patterns were
described for nerve myelin,64 Lγ phases (described in
phospholipids,65 phospholipid−peptide complexes,66 and
pulmonary surfactant67), and oriented fatty acid bilayers with
well-defined asymmetric distribution of lipids.63 Therefore, the
low intensity of odd orders alone does not indicate a low
proportion of MLP in the sample. We estimated the areas of
the peak at q ∼ 2.95 nm−1 (indicative of the 5th order of the
MLP) and of the peak at q ∼ 2.35 nm−1 [attributable to either
the SLP (2nd order) or the MLP (4th order)]. The variation
in the area ratios (A2.95/A2.35) approximately estimated the
changes in the SLP and MLP proportions in the samples
(Figure 2B). The A2.95/A2.35 ratios were low in the samples
with low CerNH24 contents, sharply increased in the 50/50
sample, and remained approximately constant with a further
increase in the CerNH24 contents. We estimated that the SLP
and MLP most likely coexisted in the samples with CerNH24/
CerNS24 < 50/50. The area of the 7th order of MLP (q ∼ 4.1
nm−1) in a ratio to the area of the 5th order (q ∼ 2.95 nm−1)
did not undergo such a remarkable change relative to the A2.95/
A2.35 (Figure 2B).
Lipid Films Annealed at 80 °C with H2O. All the studied

samples were also annealed at 80 °C/H2O to mimic the
sample preparation used previously.43 Variation in the
annealing conditions could reveal the putative lipid poly-
morphism. Indeed, these lipid films, with one exception,
formed an SLP with d = 5.45−5.37 nm (Figure 3). The
exception was the 62.5/37.5 sample, which also showed a weak
reflection at q = 2.95 nm−1, which was indicative of an MLP.
There were also some differences in the relative intensity of the
XRD patterns of individual samples, which can be of multiple
origins. Separated Chol and an additional phase coexisted with
the lamellar phase in the lipid films. The additional reflections
or shoulders were found at q ∼ 2.41, 3.60, 4.80, 5.99, 8.38, and

10.77 nm−1 (not all the peaks/shoulders were found in all the
patterns). These peaks were attributed to a separated
crystalline LIG and assigned the diffraction indices (hkl) =
(002), (003), (004), (005), (007), and (009), respectively.
According to the crystallographic data of long-chain carboxylic
acids, the C-form of crystalline LIG forms a monoclinic lattice,
and we have interpolated its cell dimensions according to68 [a
= 0.93 nm, b = 0.50 nm, c = 6.60 nm, β = 127.39° and d(001)
= 5.25 nm]. A similar LIG-rich phase with d ∼ 5.2 nm was
previously observed in other model lipid films.46

WAX Measurements. Lipid Films Annealed at 90 °C.
The 0/100 sample showed two strong reflections in WAX
(black line in Figure 2A) corresponding to the repeat distances
of the diffracting planes ∼0.41 and ∼0.37 nm. These
reflections were attributed to the orthorhombic lateral packing
of polymethylene chains.22 The peak positions allowed the
calculation of the area per lipid chain Ach in the plane
perpendicular to the chain axis according to ref 69 providing a
value of 0.186 nm2. The value was consistent with that
previously published for orthorhombic lateral chain packing in
the CerNS-based model61 and the crystalline Cer analogue N-
(2D,3D-dihydroxyoctadecanoyl)-phytosphingosine.70 A similar
Ach was obtained for the triclinic lateral chain packing of
crystalline N-tetracosanoylphytosphingosine (0.188 nm2; ref
71 cited in ref 69). The lipid chains in the 0/100 model were
packed very tightly, comparable to crystalline Cer. Such a tight
arrangement is not possible with incorporated Chol molecules,
which have a disordering effect on the rigid lipid chains.72 The
orthorhombic packing thus comes from the Chol-free domains.
The WAX of the CerNH24-containing samples (Figure 2A)

comprised either no or weak reflections corresponding to the
lateral lipid chain packing and contrasted with the WAX of the
0/100 sample. The detection of the peaks in the WAX region
depends on the degree of sample alignment. If the samples are
well aligned, the WAX peaks of the aligned lamellae cannot be
detected with the 1D detector in the meridional direction,
where the reflections of the long-range arrangement occurred.
Because the samples attained various degrees of alignment, we
detected either strong or weak reflections of the orthorhombic
arrangement or none at all.
To confirm the effect of alignment on the WAX reflection

intensities, additional XRD measurements of the selected
samples (0/100, 25/75, and 50/50) were performed on a
diffractometer equipped with a 2D detector (Figure 4). The
2D detector covered a larger part of the reciprocal space and
collected Debye−Scherrer rings. The diffraction intensity in
the 2D image of the 0/100 sample (Figure 4) was mostly
distributed in the Debye−Scherrer rings, and a smaller part
seemed to be concentrated in the tiny spots apparent in the

Figure 4. The 2D XRD patterns of the selected CerNH24/CerNS24/LIG/Chol samples with the indicated CerNH24/CerNS24 ratio. The filled
arrows indicate the primary beam residue, and the empty arrows indicate the diffraction intensity in the WAX region.
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meridional direction in the SAX region. This observation
indicated a prevalent polycrystalline character of 0/100, in
which most of the lipid domains do not attain the preferred
orientation relative to the plane of a supporting wafer. The
WAX region showed strong Debye−Scherrer rings with clearly
resolved reflections of orthorhombic chain packing of
randomly oriented lipid domains.
In contrast, the 2D XRD patterns of the 25/75 and 50/50

samples showed the diffraction intensity of the SAX reflections
mostly concentrated in the spots located in the meridional
direction. This indicated that the planes of the lipid lamellae
were mostly aligned parallel to the plane of the supporting
wafer.73,74

The WAX reflections of the 25/75 and 50/50 samples were
weak and unevenly distributed along the Debye−Scherrer
rings. The orthorhombic sublattice, which provides reflections
detectable in the WAX region, is a structure perpendicular or
nearly perpendicular to the plane of the lipid lamellae.
Therefore, orthorhombic reflections must be located in the
direction perpendicular or nearly perpendicular to the
meridional direction of the SAX reflections, that is, in the
equatorial direction.75−77 This part of the reciprocal space (the
equatorial direction) is covered neither by the 2D nor by the
1D detector. The weak intensity in the WAX region distributed
along the Debye−Scherrer rings originated from a small
fraction of lipid lamellae with a random orientation. The high
degree of lipid alignment caused the vanishing WAX
reflections. Similar effects were reported in the study of plant
epicuticular waxes.78

Lipid Films Annealed at 80 °C with H2O. There were
mostly no reflections in the WAX region of the samples
annealed at 80 °C/H2O (Figure 3). Some weak reflections
were found in 62.5/37.5 (q = 14.85 nm−1 corresponding to
∼0.42 nm), 75/25 (q = 15.16 nm−1 corresponding to ∼0.41
nm), and 87.5/12.5 (q = 14.84 and 15.28 nm−1). A reflection
corresponding to ∼0.42 nm was previously described in a Cer/
palmitic acid/Chol mixture and was attributed to a hexagonal
arrangement of lipid chains.79 However, it is not clear whether
these reflections belong to the lipid chain arrangement or some
of the separated compounds (Chol, LIG). The missing
reflections of the tight lipid chain packing were linked to the
alignment of the lipid lamellae annealed at 80 °C/H2O. For
additional data and comments, see Figure S1, Supporting
Information.
ND Experiment. An MLP-forming sample, the CerNH24/

CerNS24/LIG/Chol/CholS mixture at the molar ratio 75/25/
100/45/13, was studied by ND. The Chol content was
decreased relative to the samples studied above to suppress its
phase separation and possible convolution of Chol reflection
with the 3rd order lamellar reflection. Furthermore, 5 weight %
CholS, which represents one of the minor polar components of
SC lipids, was added to the sample to increase its hydration
ability. Hydration of the sample is needed to achieve the
isomorphous hydrogen−deuterium replacement of exchange-
able hydrogen atoms (including those on water molecules).80

The structure of the sample was evaluated prior to the ND
experiment by XRD in the q range of ∼1.2−18 nm−1, and the d
= 10.82 nm was determined using the reflections from the 3rd
up to the 20th order (Figure S2, Supporting Information).
ND was measured under three different contrast conditions

(100, 63, and 8% D2O v/v) at 98% RH achieved over the
saturated K2SO4 solution at T = 32 °C (Figure 5A). The
rocking curve of the sample (Figure 5B) provided a sharp peak

superimposed over a broad peak. The sharp peak was fitted
with a Lorentzian function50 over a broad background
approximated with a polynomial function using OriginPro
2018b software, yielding the full width at half maximum
(FWHM) = 0.281°. The broad peak was fitted with a Gaussian
function providing the FWHM value of 3.344°, which
nevertheless corresponds to less than 1% misorientation (i.e.,
randomly oriented multilayers such as multilamellar vesicles
would scatter into 360°). The FWHM value refers to the
degree of lipid lamella alignment. The lower the value, the
better the alignment and quality of the sample. For example,
FWHM = 0.275° of the SC model was reported in ref 37, but it
can be much lower for phospholipid-based bilayers (FWHM =
0.03° in ref 48). The two overlapped peaks in the rocking
curve most likely represented two populations of lipid
microcrystalline domains, each of them with a different mosaic
spread. Since the effective Lorentz factor also depends upon
the lamellar orientation, it should be corrected for this;
otherwise, the Fh factors at higher q can be underestimated. As
will be shown later, the experiment aimed to reveal the very
basic structuring of MLP, so we did not accede to the
correction of the Lorentz factor for the mosaic spread. The
used Lorentz factor was calculated according to eq 8 for
oriented samples.
The ND patterns (Figure 5A) showed a sequence of

equidistantly spaced reflections. The repeat distance was
calculated according to eqs 3 and 4 from nine reflection
orders of the pattern at 100% D2O, yielding d = 10.80 nm. The
obtained d-value agreed well with that determined by XRD
(Figure S2, Supporting Information; d = 10.82 nm). The q
range measured at 100% D2O was wider relative to that at 63
and 8% D2O and provided a better estimate of the background.
In addition to the expected peaks of lipid lamellae, we detected
additional reflections that provided the distances of diffracting
planes 4.39 and 2.26 nm, which can be the 1st and 2nd orders
of an unknown phase. The preliminary XRD was measured in
the q-range allowing the detection of the 2nd order of this
phase, but no such indication has been found. The Chol peaks

Figure 5. ND patterns measured under the indicated contrast
conditions and 98% RH (panel A). The full grid lines predict the
position of the MLP reflections (d = 10.81 nm), and the dashed grid
lines mark additional peaks. Rocking curve: diffraction intensity of the
sample measured as a function of sample rotation (Ω angle) at the
fixed detector position (2θ angle = 5°, λ = 0.4490 nm) (panel B). The
form factors Fh were evaluated according to51 as a function of the D2O
content (panel C).
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were not apparent in the ND patterns due to the decreased
Chol content.
The ND reflections were fitted with OriginPro 2018b

software, and the fitted peak areas were used to calculate the
absolute values of the form factors (|Fh|). In the first attempt,
the phase angles of the form factors were determined according
to the method described by Franks and Lieb.51 The form
factors of a centrosymmetric unit cell change linearly with the
isotopic composition of water vapor, and phase angles attain
the values of either 1 or −1 (henceforward denoted as + or −).
In this model, the origin (z = 0) is set in the center of the lipid
layer, and the water distribution peaks are assumed to be
Gaussian functions located at the positions d/2 from the
center. Under these conditions, when H2O is replaced by D2O,
the even-order form factors will increase algebraically, and the
odd-order form factors will decrease algebraically. The linear
plots of the form factors, depending on the D2O content,
should have positive slopes for even orders and negative slopes
for odd orders.51 The phases were assigned according to this
rule, and we yielded a combination of phases - + - - - + (Figure
5C). All the calculated correction factors and |Fh| are
summarized in Table S3, Supporting Information.
The NSLD profiles calculated in arbitrary units under

various contrast conditions are shown in Figure 6. Calculating

the NSLD profiles in absolute units requires the inclusion of
the forward scattering factor (related to the offset of the NSLD
profile) and the absolute scaling factor,48 which we cannot
calculate because of the lack of additional data.81 Therefore,
the NSLD profiles in Figure 6A are presented on a relative
scale. Generally, the lowest NSLD in the lipid layer profiles
corresponds to terminal CH3 groups of hydrophobic chains
arranged without interdigitation.51 The NSLD of 8% D2O is
equal to ∼0; therefore, the difference between the NSLD
profiles at 100% D2O and 8% D2O is related to the water
distribution profile (Figure 6B). Maximum hydration of SC
lipid models was reported to be ∼2 water molecules per one
lipid molecule,37 which is a very low level relative to
phospholipid-based membranes. All the molecules of lipid
films (Cer, FFA, and Chol) contain exchangeable hydrogen
atoms. The long-term kinetics of the 1H−2H exchange is
unknown, although the effects of temperature on these

processes have been reported in pure Cer82,83 and SC
models.84

Moreover, the involvement of functional groups with
exchangeable hydrogens (hydroxyl, amide, and carboxyl) in
H-bonding can affect their availability for 1H−2H exchange.85

Therefore, the changes of NSLD at various contrasts were also
related to 1H−2H exchange in the functional groups of lipid
molecules.
There are two maxima at z = ±d/2 nm in the NSLD profiles

(Figure 6A). The NSLD is also elevated in the middle of the
profile (local maxima at z ∼ ±1.3 nm), forming a central band
with a width (distance between maxima) of ∼2.6 nm. This
profile resembled that published for SC models with d = 12.9
nm, reconstructed from nine diffraction orders.38 All contained
a central band of the elevated NSLD, which was broader
relative to our profile (4.2 vs 2.6 nm). The side bands in our
profiles (from z = ±1.3 nm to z = ±5.4) are 4.1 nm wide.
Together with a 2.6 nm domain, they formed a sequence of
three bands.
Both CerNH24 and CerNS24 contain a C24 acyl chain

(approximate length in all-trans conformation is 3 nm) and a
C18 sphingosine chain (approximately 2 nm in all-trans
conformation). The length of LIG is similar to that of the Cer
acyl chain (∼3 nm). Thus, the central 2.6 nm domain in the
obtained NSLD profiles seems to be too narrow to
accommodate a bilayer in the proposed double-bilayer
model40 formed from these lipids. The profiles appear more
likely to correspond to a triple bilayer (broad/narrow/broad
sequence) rather than a double-bilayer. Franks and Lieb51

developed the method for a centrosymmetric system of
phospholipid bilayers separated by water layers and arranged
in a lamellar structure. The SC lipid assembly does not fit very
well with this model since it forms a continuous lipid matrix
(i.e., without the separate water layer) as was shown by
electron microscopy and other methods independent of the
interpretation of diffraction experiments.25,27,86,87 Therefore,
we attempted to overcome the bias linked to the preexisting
model and only assumed a central symmetry in our system.
Note that this means breaking the rule of alternating slope
signs as considered above.48

We created the NSLD profiles from the first five orders (1st,
2nd, 3rd, 4th, and 5th) using all possible combinations of
phase angles (signs) for a centrosymmetric system (Figure S3,
Supporting Information). Couples of profiles shifted on the z
scale by d/2 were marked by the letters A�P, meaning that
these couples have the same NSLD distribution, but the origin
of the z scale is either in the middle of the lipid layer or in the
middle of the hydrophilic part. The criterion for plausibility
was a predominance of domains with relatively low NSLD, as
most of the used molecules contain long polymethylene chains
with strong hydrophobic interactions. Only few of the phase
angle combinations provided plausible NSLD profiles. The
profiles A and B in Figure S3, Supporting Information, can be
considered plausible, whereas profile C corresponds to that
obtained using Franks and Lieb’s method and was discussed
above. Profile D showed the NSLD distribution similar to that
in C. Profiles A and B comprise a broad domain with a width
of ∼6.8 and ∼6.6 nm, respectively (calculated as the distance
between local NSLD maxima). Moreover, these profiles
showed only two peaks of relatively high NSLD and thus
formed only two alternating domains of lower NSLD (∼6.8
and ∼4.1 nm wide).

Figure 6. NSLD profiles of the sample reconstructed from six Fh
factors (panel A). The profiles were shifted on the y-axis for better
clarity. The error bars indicate the uncertainty of the NSLD profiles.
The differential profile (100% D2O−8% D2O) is related to the water
distribution across the lamella (panel B).
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The plausible NSLD profiles with the center of the
symmetry in the middle of the hydrophobic domain were
further refined by the addition of the remaining four Fh factors.
All the possible combinations of phase angles related to the
added Fh factors were calculated. The combinations providing
the most plausible results are depicted in Figure 7, panels A

and B. These combinations of phase angles were further used
to calculate the NSLD profile of the sample at 8% D2O, as the
Fh did not change their phases in dependence on the contrast
conditions. The difference between the profiles at 100 and 8%
D2O was related to the D2O distribution across the lamella.
The phase angle combinations providing plausible D2O
distribution are shown in Figure 7C. The relative NSLD of
the hydrophobic domains in D2O distribution profile is,
similarly to Figure 6B, slightly negative. We speculate further in
the discussion about possible reasons.
The selection of phase angles was corroborated by the

calculations of continuous form factors of the selected relative
NSLD profiles according to eq 12. The continuous Fourier
transforms were compared with the discrete form factors
obtained from the experimental diffraction intensities (Figure
8). The comparison does not show any obvious shortfalls that
would suggest the exclusion of some of the discussed profiles,
while confirming their plausibility.

The putative molecular arrangement of these phases in
Figure 7 is based on the extended conformation of Cer
molecules, where each domain corresponds to approximately
double the length of the lipid polymethylene chains. Here, the
Cer acyl chain prefers the interaction with LIG. Such a domain
could be a source of the orthorhombic polymethylene chain
packing. The sphingosine acyl chain preferentially interacts
with Chol. This arrangement of SC lipids was previously
suggested based on electron microscopy,25,87−89 Fourier
transform infrared spectroscopy,90 solid-state nuclear magnetic
resonance,91 and XRD.39 The model proposed here does not
address the location of CholS and is not supposed to reveal
structural details, but it suggests a plausible lipid organization
within the MLP that would fit the narrow and wide domains in
the NSLD profiles.
Permeation Experiment. Next, the effects of the lipid

periodical structure on the barrier properties were studied. We
selected the 0/100 (control), 25/75, and 50/50 samples, all of
which were annealed at either 90 or 80 °C/H2O and formed
an SLP and/or an MLP. Three markers were used to assess the
permeability of the selected models (Figures 9 and S4,
Supporting Information): the water loss [a.u.], the flux of TH,
and the flux of IND. TH and IND were selected due to their
different physicochemical properties: TH is a small molecule
with balanced lipophilicity (M = 180.2 g/mol, logP ∼ 0),
whereas IND (M = 357.8 g/mol, logP ∼ 4.3) is larger and
more hydrophobic than TH.
The water loss of the samples varied from 5.1 ± 0.5 a.u. (in

0/100 samples annealed at 90 °C) to 8.0 ± 1.3 a.u. (in 50/50
samples annealed at 80 °C/H2O). The apparent changes in
water loss among the studied samples were not statistically
significant at p < 0.05.
The TH flux was not significantly affected by the CerNH24

content or the annealing method, although a trend toward
decreased permeability to TH appeared in the CerNH24-
containing samples annealed at 80 °C/H2O relative to the
same samples annealed at 90 °C. The flux of TH in the control
0/100 samples (90 °C) was 0.07 ± 0.03 μg/cm2/h, which
corresponded to previous results in similar samples (0.09 ±

Figure 7. NSLD profiles of the sample reconstructed from nine Fh
factors at 100% D2O (panel A, B) at the indicated phase angle
combinations. The putative arrangement of the major lipid classes is
depicted in panel A. The position at z = 0 nm is the center of the lipid
lamella. The differential profiles (100% D2O−8% D2O) for the
selected phase angle combinations related to the water distribution
are shown in panel C.

Figure 8. Continuous form factor calculated as a Fourier transform of
the relative NSLD profiles reconstructed from the Fh factors with
indicated phase angles (signs).
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0.02 μg/cm2/h in ref 61). The lowest TH flux (0.04 ± 0.01
μg/cm2/h) was found in the 50/50 samples annealed at 80
°C/H2O.
Finally, the permeation experiment with IND as a model

permeant revealed statistically significant differences among
the studied samples. In the lipid films annealed at 90 °C, the
partial replacement of CerNS24 with CerNH24 in the 25/75
and 50/50 samples increased the IND flux to 0.15 ± 0.02 and
0.17 ± 0.01 μg/cm2/h, respectively, relative to 0.06 ± 0.01 μg/
cm2/h in the 0/100 sample.
In contrast, the IND flux through the samples annealed at 80

°C/H2O did not significantly change among the 0/100, 25/75,
and 50/50 samples (0.09 ± 0.02, 0.10 ± 0.02, and 0.06 ± 0.01
μg/cm2/h, respectively). The samples with CerNH24 annealed
at 80 °C/H2O were apparently (the 25/75 samples; p = 0.22)
or significantly less permeable to IND (the 50/50 samples; p =
0.001) than the same samples annealed at 90 °C. These
samples did not differ in the lipid composition but in the
periodical structure, which was induced by modifications of the
annealing method. The CerNH24-containing lipid films
forming an MLP or an MLP and an SLP were significantly
more permeable to IND than the same samples forming only
SLP. The phase-separated LIG linked to the presence of
interphase boundaries in the samples annealed at 80 °C/H2O
did not induce higher permeability.

■ DISCUSSION
The formation of MLP with d = 10.6−10.8 nm has been
reported several times for simple Cer-based models based on
CerNH24,45 CerNS24,39 bovine brain NS-type Cer (d = 10.4
nm),40 and Cer analogue 3-deoxy-N-lignoceroyl sphingosine.44

In this study, we have shown that lipid films of the same
composition can form different structures when exposed to
different conditions during their formation. The Cer chemical
structure, sample preparation, and annealing method deter-
mine both the lamellar organization (SLP or MLP) and the
lipid lamellar alignment relative to the supporting wafer. The
structures are formed during the solidification of lipid melts in
a thin film supported by a wafer. In this process, the system
expresses considerable responsiveness to external conditions.
The data showed that the structures formed are kinetically
determined. Under the given conditions, the structures are
kinetically favorable but most likely do not represent a
thermodynamically stable structure (they do not have the
lowest free energy).

The lipids used in our study serve as constituents of the skin
permeability barrier. The repeat period of MLP did not change
within the range of ±0.02 nm when we compared the XRD
measured at room humidity and the ND at 98% RH. The
structure practically does not swell, and its repeat period
exceeds twice the maximal length of the longest molecule
within the composition, the Cer molecule in a fully extended
conformation. The structural arrangement of the studied
system does not allow it to accommodate a large amount of
water.
The raw XRD pattern of MLP typically showed a higher

intensity for even orders and a lower intensity for odd orders.
This pattern was apparent despite the 1st order reflection not
being recorded by the XRD, but it was detected with a neutron
diffractometer. The relative intensity of the 1st order reflection
was substantially lower compared to that of the 2nd order in
the ND experiment. The low intensity of the 1st diffraction
order appears to be a common characteristic of MLP
diffraction patterns and the long lamellar phase observed in
isolated human skin lipids or skin barrier models.23,28,29

Therefore, the architecture of these phases can share some
principles, but there are also differences. The lamellar XRD
reflections of the MLP alternate in their intensities. Generally,
the patterns with alternating reflections of low and high
intensity are typical for systems that include two apposed
asymmetric bilayers, symmetric bilayers with asymmetrically
distributed protein, or a combination of the two.28,66,67,92

White et al. suggested that alternating intensities arise
whenever the membranes of the unit cell have a nearly
symmetric electron density. If, however, the membranes of the
unit cell are highly asymmetric, the alternating intensity pattern
no longer prevails.28 For example, the electron density profile
of myelin contains a membrane pair of two plasma cell
membranes, resulting in a repeating sequence of the broad/
narrow bands of the high relative electron density separated by
the bands of the low relative electron density.93 Similar
diffraction patterns were also reported in the Lγ phase of the
pulmonary surfactant,67 lipid−peptide complexes,66 or mito-
chondrial lipids.92

The alternating sequence of broad/narrow bands of low
relative NSLD was also extracted from our diffractometric data.
This was allowed when we reconstructed the relative NSLD
profiles using all possible combinations of phase angles. After
discarding the nonrealistic NSLD distributions, we obtained
two very similar solutions containing two alternating domains

Figure 9. Permeability of the lipid films prepared at the CerNH24/CerNS24 molar ratios 0/100, 25/75, and 50/50 (LIG−separated lignoceric acid
detected): water loss (panel A); the steady-state flux of theophylline (TH) (panel B); the steady-state flux of indomethacin (IND) (panel C); n =
4−10; n is the number of pertinent samples. Data are presented as the means ± standard errors of the mean. Statistical significance compared to the
control: **p < 0.01; ***p < 0.001.
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of low NSLD: bands of ∼6 and ∼4 nm width, respectively. The
simplified molecular model (Figure 7) is based on the
extended conformation of Cer molecules. The molecular
model allows the intermolecular hydrogen bonding of the
hydrophilic functional groups in the polar regions. The
hydrogen bond network that forms a sheet of infinite bond
systems in the center of the lipid layering was also described in
the monocrystal of N-lignoceroylphytosphingosine.11

The water distribution profile was calculated as the
difference between the relative NSLD at 100 and 8% D2O
content. In the evaluation according to Franks and Lieb51

(Figure 6B), the water distribution profile resulted in slightly
negative values (between 0 and −10) in the hydrophobic
regions. Similar results were obtained in the second method
(Figure 7C). The reason for this effect is not clear. We
speculate that it is caused by the limited number of Fh used to
calculate the D2O distribution profile. However, slightly
negative values of the D2O distribution were previously
reported by Mojumdar et al.38 and occurred in our further
measurements (unpublished data). The problem needs further
investigation.
The lipid organization based on the extended Cer

conformation is in agreement with previous results from
Fourier transform infrared spectroscopy,90,94 XRD,39 and 2H
solid-phase NMR.91 It was proposed as a basic structural unit
of SC lipid sheets25,87 and developed as a model of the SC lipid
matrix using molecular dynamics simulations.95

The proposed molecular arrangement could serve as a basic
motif of the ceramide-based water-resistant barrier. The
extended conformation of Cer molecules and the preferential
interaction of each Cer chain with different lipid species
determine the asymmetry across the lamella. Further
implications are that (i) the possibility of water uptake into
such an arrangement is minimalized; (ii) each leaflet could
attain a different lever of chain fluidity; (iii) stabilization of the
arrangement by a system of intermolecular hydrogen bonds;
and (iv) the laminated structure of the stacking is similar to the
model proposed by Norleń and Pascher.96

Next, we attempted to link the lipid arrangement with
permeability. We are aware that XRD was measured at ambient
room temperature and humidity and characterized the lipid
film structures as they were before the permeation experiment.
During the permeation, the lipid films are exposed to the water
gradient between the donor and acceptor compartments,
which is equilibrated at a physiological skin temperature of 32
°C. Such conditions cannot be reached in our XRD setup.
However, even at 100% RH, the SC lipids bind only ∼2 water
molecules per lipid.37 Although we cannot rule out changes in
the lipid films caused by hydration and temperature, the
permeability of our model lipid films to IND was found to be
susceptible to their initial lamellar arrangement as detected by
XRD.
Previously, 1.5-fold higher water loss and fourfold higher

IND flux were observed due to the replacement of CerNS24
(with SLP) with CerNH24 (with MLP) in lipid models
annealed at 90 °C.37 However, it was not possible to
distinguish whether those changes were caused by different
Cer headgroups or different long-range arrangements of the
lipids. In this study, the 50/50 model that formed an MLP was
approximately threefold more permeable to IND than the
sample with the same composition that formed an SLP. Thus,
the MLP appears to be a less advantageous arrangement than

the SLP in terms of sample permeability, despite its longer
repeat distance.

■ CONCLUSIONS
The preparation process and the sample treatment determine
the structure and barrier properties of the lipid films.
CerNH24-based lipid films can form an SLP or an MLP
depending on the annealing conditions. The supposed
molecular arrangement of the MLP correlated with a realistic
NSLD profile selected from that reconstructed using all the
possible phase angle combinations in two subsequent steps.
The lipid films that formed an MLP were more permeable to
IND than those with the same composition that formed an
SLP. A simple lipid mixture can be modulated so that it creates
films of different structures with different degrees of lipid
alignment and barrier properties. As the lipids are susceptible
to the conditions encountered during their assembly in the
model, the question arises whether these lipids can also form
different nanostructures when they are exposed to abnormal
conditions in vivo.
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