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A B S T R A C T

Hydration of oriented multilamellar membrane based on ceramide [AP] in the DMSO, urea and ethanol aqueous
solutions at various solute concentrations was investigated by neutron diffraction. Neither urea nor DMSO in-
fluence the repeat distance of the membrane and internal structure of bilayer at their mole concentration of up to
0.15 and 0.10, respectively. The d-spacing reduction effect of both compounds was observed at their con-
centrations of 0.2 for urea and 0.2 and 0.4 for DMSO. Compared to hydration in the pure water, both urea and
DMSO slow down the swelling process, and this slowdown is more pronounced with increasing in their con-
centration. At concentration of 0.2, urea and DMSO induce the slight phase separation of the fully hydrated
samples; at the highest used concentration of 0.6, DMSO induces the strong time-depend separation of the
sample probably due to fluidization of lipid bilayers. Ethanol at a used molar concentration of 0.03 leads to
dissolution of the sample.

1. Introduction

The outermost layer of human epidermis, the stratum corneum (SC),
provides the main barrier against water loss and against external che-
mical and microbiological influences. The SC consists of horny flattened
cells (corneocytes), embedded in an extracellular lipid matrix con-
taining predominantly ceramides, free fatty acids, cholesterol and a
small fraction of cholesterol sulfate (Lampe et al., 1983; Elias, 1981).
The unique composition and organization of SC lipid bilayers make the
skin almost completely impermeable both for hydrophilic and lipophilic
molecules (see review (van Smeden et al., 2014)). To facilitate the
transport of substances such as drugs through skin, the chemical pe-
netration enhancers (PEs) are applied in pharmaceutics. PEs affect the
structure of SC, mainly lipid matrix, and can thus modulate the barrier
properties of the skin. Dimethyl sulphoxide (DMSO), ethanol (EtOH)
and urea are among the most commonly employed as PEs for trans-
dermal drugs. The different mechanisms via which these PEs reduce the
skin barrier function such as lipid fluidization, lipid extraction from SC,
phase separation, increase in SC hydration, membrane defect formation
etc. have been suggested in the past two decades (for reviews, see
(Williams and Barry, 2004; Trommer and Neubert, 2006; Dragicevic

and Maibach, 2015) and references herein).
Ethanol is well known to penetrate into skin and enhance the per-

meation of drugs (Kim et al., 1996). Ethanol was found to extract the
lipids from SC, acting predominantly on free fatty acids (Kai et al.,
1990; Bommannan et al., 1991; van der Merwe and Riviere, 2005;
Kwak et al., 2012 and references herein) and induce the formation of
water-permeable defects in the model membrane of skin (Thind et al.,
2015) that may explain its action as a PE. Horita et al. found the al-
terations of the short periodicity phase of mouse SC lipids treated with
EtOH-water mixture (Horita et al., 2015). However, earlier, Moghadem
et al. reported that ethanol produces only very little change in lipid
structure and hydrocarbon chain packing of human SC lipids
(Moghadam et al., 2013). At physiological temperatures, no fluidization
of lipid multilayers in the presence of ethanol neither in native skin
samples (Krill et al., 1992) nor in model SC lipid mixtures (Kwak et al.,
2012) was reported.

Previous studies suggested that the molecular mechanism of the
transdermal transport enhancement caused by DMSO is consistent with
its hydrogen bonding properties. At high concentration, DMSO limits
the ceramide–ceramide interactions by forming the hydrogen bonds
(further “H-bonds”) with the ceramide head groups (Notman et al.,
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2007) and/or alter the interfacial H-bond network involving the fatty
acid molecules (Kwak and Lafleur, 2009), that consequently leads to the
weakening of the lateral forces between the lipids, and to fluidization of
the SC lipid bilayers. An alternative mechanism of the transdermal
transport enhancement caused by DMSO is a transmembrane pore
formation (Notman et al., 2008).

Urea has the oldest history of its application as PE. Penetration
enhancing effect of urea for different substances is complex, depends on
its concentration, composition of vehicle solvent, etc. (Williams, 2015).
The mechanism, by which urea acts, is still unclear. Kim et al. suggested
that urea forms hydrophilic diffusion channels within the skin barrier
(Kim et al., 1993). Beastall et al. proposed that the action of urea is
based on fluidization of SC lipids (Beastall et al., 1986). Recent NMR
experiments have confirmed that urea influences the fluidity in both SC
lipids and protein in intact SC (Pham et al., 2016). In contrast to that,
no decrease of the lipid chain packing density of the model SC mem-
branes in the 10% (w/w) aqueous urea solution and no change in the
bilayer distance were recently observed (Mueller et al., 2016). Early,
urea was reported to have no influence on membrane thickness of SC
lipid mixtures at its concentrations of up to 30% at 32 °C; however, urea
caused a concentration-depend shift in lipid phase transition
(Zbytovská et al., 2009).

Previous researches have shown that simplified SC model mem-
branes composed of short-chain ceramides (phytosphingosine-type
ceramides [AP] and/or [NP]), fatty acid, cholesterol and cholesterol
sulfate are suitable for studying the effects of permeation enhancers
(Zbytovská et al., 2009; Engelbrecht et al., 2011, 2012; Ochalek et al.,
2012a, b; Mueller et al., 2016; Čuříková et al., 2017). The lipids in the
model membranes based on ceramide [AP] are arranged in a lamellar
structure with periodicity of ∼ 45–46 Å and exhibit extremely low
hydration (Kiselev et al., 2005) that might be due to that the ceramide
molecules are in a fully extended conformation as described by Kiselev
(Kiselev, 2007). In this work we investigated the influence of DMSO,
urea and ethanol on hydration kinetics of the oriented SC lipid mem-
branes based on ceramide [AP].

2. Materials and methods

2.1. Sample preparation

N―(α―hydroxyoctadecanoyl)―phytosphingosine (CER [AP],
purity of ∼95%) was a gift from Cosmoferm (Delft, the Netherlands).
Cholesterol (Ch, ≥99%), cholesterol sulfate (ChS,> 99%), palmitic
acid (PA, ≥99%), stearic acid (SA, ≥98.5%), arachidic acid (AA,
≥99%), behenic acid (BA, ≥99%), lignoceric acid (LA, ≥99%) and
cerotic acid (CA, ≥95%), deuterium oxide (D2O, purity of ≥99.9 at.%
D), deuterated urea-d4 (urea), deuterated ethanol-d6 (EtOH) and
deuterated dimethyl sulfoxide-d6 (DMSO) were obtained from Sigma-
Aldrich. Quartz plates were purchased from Spectrosil 2000, Saint-
Gobain (Germany).

Several identical oriented samples of quaternary system CER[AP]/
Ch/FFA/ChS (55/20/15/10 wt% or 1/0.7/0.46/0.22 in molar ratio)
were prepared with free fatty acid composition (FFA) similar to that in
the previously investigated membrane (Ryabova et al., 2010), i.e. PA/
SA/AA/BA/LA/CA in the molar ratio of 1.3/3.3/6.7/41.7/36/6.7.
Powder of each lipid was dissolved separately in chloroform/methanol
(2/1 w/w) at a concentration of 10mg/ml. Afterwards, the lipid solu-
tions were mixed at the appropriate ratio. A mass of 1 g of the solution
was spread over a 6.4 cm×1.4 cm quartz plate. The samples were
dried on a warm plate (≈ 40 °C) and were then stored in a vacuum
desiccator at room temperature for 4 h to remove the rest of the solvent.
To decrease mosaicity of samples and improve their scattering ability,
samples were heated in a horizontal position at 80 °C during 20min.
After annealing, samples were gradually cooled down to room tem-
perature and hydrated for 1–2 h with water vapour. Before measure-
ments samples were stored at room conditions (≈ 20 °C, ≈ 40%

relative humidity) during several (1–10) days.

2.2. Neutron diffraction experiment

Neutron diffraction experiments were carried out on the V1 mem-
brane diffractometer of the research reactor of the Helmholtz-Zentrum
Berlin für Materialien und Energie (HZB, Germany). Diffraction pat-
terns were obtained by rocking the sample at fixed different angles of
the two-dimensional position sensitive 3He detector (20×20 cm2 area,
1.5× 1.5mm spatial resolution) at neutron wavelength λ of 5.23 Å and
sample-to-detector distance of 102.28 cm.

Experiments on hydration of oriented membranes were performed
in excess of water-DMSO, water-urea and water-EtOH solution at molar
fractions of solute (DMSO/urea/EtOH) XDMSO= 0.1, 0.2, 0.4, 0.6,
Xurea= 0.05, 0.1, 0.15, 0.2 and XEtOH=0.03. The quartz plate with a
dry sample was introduced vertically into a chamber (Harroun et al.,
2005) filled with excess of aqueous solution (EtOH, urea or DMSO at
various concentrations in D2O), and the first-order diffraction peak
from the membrane was collected repeatedly for almost 7 h with the
acquisition time of 10min. During the next several hours four diffrac-
tion peak orders were collected one after another with the acquisition
time of 10min, ≈ 27min, ≈ 27min and ≈ 39min, respectively. The
fifth diffraction order was collected in the end of hydration with ac-
quisition time of ≈ 98min.

2.3. Data analysis

In measurements at the V1 diffractometer with a monochromatic
neutron beam, diffraction patterns are recorded as a function of scat-
tering angle 2θ and then are recalculated to a function of scattering
vector q=2πSinθ/λ. Diffraction pattern from multilamellar lipid
membrane with repeat distance d contains a series of equidistant peaks
at positions qh=2πh/d, where h is the order of diffraction peak.

The internal structure of membrane was derived from analysis of the
neutron scattering length density (SLD) profile ρ(z) across the bilayer,
calculated by Fourier transformation of the structure factors Fh ac-
cording to Eq. (1) (Worcester and Franks, 1976; Schoenborn, 1976;
Franks and Lieb,1979):
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The absolute values of the structure factors |Fh| = (Ih/LhAh)1/2 were
calculated from the integrated peak intensities Ih and corrected for the
Lorentz factor Lh=1/sin2θh and the absorption coefficient Ah, which is
calculated via (2)
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Assuming a lipid density of ∼ 1 g/cm3 at the weight of lipid ma-
terial of 10mg in an area of 8.96 cm2, the thickness of the lipid film l
was calculated to be ∼ 11 μm. The linear attenuation coefficient μ was
calculated in accordance with the chemical composition of the mem-
brane, its packed density, the wavelength of neutron beam, and as-
suming a hydrated interbilayer spacing of ∼ 1 Å (https://www.ncnr.
nist.gov/instruments/bt1/neutron.html). For hydrated samples μ was
calculated to be equal to 5.72 cm−1. It varies extremely little with ad-
dition of DMSO, ethanol or urea and with change in their concentra-
tions because the μ-values for these deuterated penetration enhancers
are low and close to the μ-value for D2O (μd-DMSO= 0.109 cm−1, μd-
EtOH=0.072 cm−1, μd-urea= 0.254 cm−1, μD2O=0.136 cm−1 versus μ-
value for a dry SC membrane of 5.84 cm−1). In our estimations, the
largest absorption correction was ∼ 0.9 for the first order diffraction
peak (see Table S1 in Supplementary Materials).

The structure factor phase signs φh “−, +, −, +, −” for from the
1 st up to the 5th diffraction order were obtained in our previous work
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(Kiselev et al., 2005). The coefficients a and b in Eq. (1) were de-
termined from the procedure of SLD profile normalization using the
values of neutron scattering length density of methyl and methylene
groups: SLDCH3 = –0.0085·10–12 cm–2, SLDCH2 = –0.0031·10–12 cm–2.

The absolute error of the scattering length density profile was de-
termined as an error of the indirect measurable parameters from the
following equation:
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The peak positions and their integrated intensities Ih were de-
termined by Gaussian fitting using the OriginPro software package. The
errors of structure factors ΔFh were calculated taking into account
counting statistics and background level.

3. Results and discussion

As previously established, the increase of the repeat distance of the
55%CER[AP]/20%Ch/15%FFA/10%ChS membrane with time due to
its swelling in excess of pure D2O (further considered as the “reference
process” and the fully hydrated in D2O membrane as the “reference
state” when discuss the effect of urea, DMSO and ethanol on kinetics of
membrane hydration) is described by exponential function (4)

= − ∆ ⋅ −d t d d t τ( ) exp ( / )fh (4)

with characteristic time (τ) of 61min and the repeat distance of the
membrane in “fully hydrated state” dfh ≈ 46 Å (Ryabova et al., 2010).
The Eq. (4) can be linearized:

− = ∆ −Ln d d Ln d t τ( ) / .fh (5)

The dependence of Ln(dfh – d) on time t is linear and yields the
characteristic time τ (slope).

Fig. 1 presents a change in the membrane repeat distance (calcu-
lated from the position of the first diffraction peak) as a function of time
during sample hydration in pure D2O and at various concentration of
urea/DMSO/EtOH. Fig. 2 shows the plots of the Ln(dfh – d) versus t
which are no longer linear (except for the case of pure water). On these
logarithmic dependencies, one can distinguish at least two linear seg-
ments for different time intervals. Therefore, to describe the kinetics of
membrane swelling, the biexponential function (6) has been chosen:

= − ∆ ⋅ − − ∆ ⋅ −d t d d t τ d t τ( ) exp ( / ) exp ( / ).fh 1 1 2 2 (6)

As one can see in Fig. 1, the d(t) dependencies are well described by
Eq. (6). The calculated in the OriginPro software package characteristic
times of swelling τ1 and τ2, the values of membrane repeat distance in
fully hydrated state (dfh), the parameters Δd1 and Δd2 as well as the
goodness-of-fit parameters (coefficient of determination R2 and reduced
Chi2) obtained from fitting of the d(t) dependencies are summarized in
Table 1. The values of Δd1 and Δd2 could be used to estimate the
magnitude of a change in the membrane repeat distance during the
hydration process or stages of the hydration process that occur with
different (τ1 or τ2) characteristic times.

In general, the observed biexponential behaviour of the repeat
distance may indicate that two parallel kinetic processes with different
characteristic times ocurr in the system (for example, the processes of
hydration at different levels of bonds „water-lipid“). However, a de-
termination of the nature of biexponential behavior of d(t) using only
available neutron diffraction data without additional study is im-
possible.

3.1. Effect of urea on membrane hydration

The repeat distance of the membranes hydrated at low urea con-
centrations (Xurea= 0.05-0.15) decreases slightly compared to the re-
ference sample hydrated in pure D2O (≈ 45.9 Å versus ≈ 46.0 Å).

Increase in urea concentration up 0.2 leads to decrease in the value of
membrane swelling by ≈ 0.4 Å (cf. dfh-values in Table 1) and to in-
crease in characteristic times of hydration process compared to hy-
dration at lower urea concentrations.

NDPs measured from the samples at the end of hydration process
are shown in Fig. 3. A left-side shoulder of the first diffraction peak at
≈ 0.11 Å−1 and a weak peak at 0.22 Å−1 on the NDPs of all samples
hydrated with urea indicate a presence of a lamellar phase with repeat
distance of 55.6 ± 0.6 Å. This phase is present initially in all dry
samples. Previously, the phase with d ≈ 53 Å was observed in the CER
[AP]/Ch/FFA/ChS membranes with composition of 55/20/15/10 and
60/20/15/5 hydrated with water vapour at 57% related humidity and
20–32 °C and in water excess as well and was associated with a phase
formed by pure long-chain behenic (C22:0) and lignoceric (C24:0) acids
or with a phase enriched with these acids (Ryabova et al., 2010). Since
the diffraction peaks of the phase enriched with long-chain FA do not
overlap with the peaks from the main lamellar phase and thus cannot
affect the calculated neutron SLD distribution for the main phase, we
excluded this phase from further consideration.

NDPs from the samples hydrated at Xurea= 0.1, 0.15, 0.2, besides
the peaks of the main phase with periodicity dfh (see Table 1), show the
right-side shoulders of the 3rd, 4th and 5th diffraction peaks from an
additional lamellar phase (further “second phase”) with periodicity of
44.5 ± 0.4 Å. The CER[AP]/Ch/FFA/ChS membranes with composi-
tion of 55/20/15/10 and 60/20/15/5 hydrated with water vapour were
previously found to contain the similar minor phase with periodicity of
44.0–44.4 Å (Ryabova et al., 2010). For the samples at Xurea= 0.05 and

Fig. 1. Change of the repeat distance of the CER[AP]/Ch/FFA/ChS membranes
during hydration in pure heavy water and at (a) Xurea= 0.05, 0.10, 0.15, 0.2
and XEtOH= 0.03 and (b) XDMSO=0.1, 0.2, 0.4. Solid lines are fitting lines.
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0.15 the diffraction peaks from the short-period phase have the in-
tensities comparable with the level of the background noise that allows
us to neglect this phase in calculation of neutron SLD distribution,
considering the membranes as “near-one-phase systems”. The phase

separation in the samples at Xurea= 0.1, 0.2 is more pronounced: the
intensities of the higher diffraction peaks of the second phase are
comparable with intensities of the main phase, and we cannot longer
consider the second phase as negligible. Moreover, due to the diffrac-
tion peaks from the main and second phases overlap and the resolution
of NDP at low scattering vector values is limited, the individual con-
tribution of structure factors of the different phases to the total in-
tegrated intensities of peaks cannot be resolved; therefore, a calculation
of the neutron SLD distributions for the sample hydrated at Xurea= 0.1
and 0.2 would be incorrect.

The neutron SLD distributions for the main phase of fully hydrated
at Xurea= 0.05, 0.15 samples calculated in accordance with Eqs. (1)
and (3) are presented in Fig. 4a. The SLD profiles of both samples al-
most completely coincide within the error Δρ and are similar to that
previously obtained for partially hydrated samples (Ryabova et al.,
2010). This indicates that more than 14-hours hydration with water-
urea solution with urea concentration of up to 0.15 does not affect the
internal structure of the model membrane. The phase separation ob-
served in the samples has no systematic correlation with urea con-
centration.

Fig. 2. Plot of Ln(dfh – d) versus time for the membrane hydration in pure heavy
water and at (a) Xurea= 0.05, 0.10, 0.15, 0.2 and XEtOH= 0.03 and (b)
XDMSO=0.1, 0.2, 0.4. A straight line is a linear fit of the data for pure D2O.

Table 1
Parameters of hydration of CER[AP]/Ch/FFA/ChS membranes in heavy water at various concentrations of penetration enhancers.

PE concentration Δd, Å dfh, Å τ, min Δdi, Å R2 Chi2

pure D2O* 1.24 ± 0.02 45.99 ± 0.01 τ=61 ± 2 – – –
XEtOH=0.03 1.62 ± 0.16 46.16 ± 0.04 τ1= 13 ± 1

τ2= 148 ± 39
Δd1= 1.57 ± 0.07
Δd2= 0.49 ± 0.04

0.9947 0.8487

Xurea= 0.05 1.53 ± 0.02 45.92 ± 0.02 τ1= 9.5 ± 0.5
τ2= 166 ± 27

Δd1= 1.16 ± 0.03
Δd2= 0.37 ± 0.02

0.9977 1.5520

Xurea= 0.1 1.10 ± 0.02 45.901 ± 0.004 τ1= 12.8 ± 0.5
τ2= 123 ± 5

Δd1= 0.68 ± 0.01
Δd2= 0.47 ± 0.01

0.9994 0.1490

Xurea= 0.15 1.41 ± 0.02 45.91 ± 0.01 τ1= 13.7 ± 0.8
τ2= 181 ± 11

Δd1= 0.63 ± 0.02
Δd2= 0.83 ± 0.02

0.9983 0.4720

Xurea= 0.2 0.89 ± 0.02 45.48 ± 0.01 τ1= 29 ± 2
τ2= 232 ± 13

Δd1= 0.37 ± 0.02
Δd2= 0.51 ± 0.01

0.9991 0.1828

XDMSO=0.1 1.24 ± 0.02 46.02 ± 0.01 τ1= 31 ± 2
τ2= 223 ± 35

Δd1= 0.84 ± 0.07
Δd2= 0.44 ± 0.04

0.9960 0.7675

XDMSO=0.2 0.67 ± 0.02 45.32 ± 0.01 τ1= 22.6 ± 3
τ2= 303 ± 16

Δd1= 0.16 ± 0.01
Δd2= 0.50 ± 0.01

0.9980 0.2572

XDMSO=0.4 0.94 ± 0.02** 45.82 ± 0.01 τ1= 62 ± 8
τ2= 305 ± 20

Δd1= 0.31 ± 0.03
Δd2= 0.71 ± 0.03

0.9995 0.1153

XDMSO=0.6 1.15 ± 0.03 46.00 ± 0.02 τ=41 ± 4 – 0.9832

Δd = dfh – ddry, where ddry (value d(t=0) on Fig.1) is the repeat distance of the SC membrane measured at room conditions before hydration; * data from (Ryabova
et al., 2010); ** here Δd = dfh – d(t=10min).

Fig. 3. Neutron diffraction patterns from the CER[AP]/Ch/FFA/ChS mem-
branes measured after ≈ 13.5 h, 15.5 h, 20 h and 18.5 h from the beginning of
hydration in heavy water at the urea concentration of Xurea= 0.05, 0.10, 0.15
and 0.2, respectively and after ≈ 8 h for the membrane hydrated at
XEtOH=0.03.
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3.2. Effect of ethanol on membrane hydration

NDP of the sample hydrated in the 1.5M solution of ethanol (≈
0.03 mole fraction of ethanol) displays a single-phase membrane
(Fig. 3). After 2 h from the beginning of sample hydration the first
structure factor begins to decrease monotonically, which is caused by
sample dissolution (Fig. S1 in Supplementary materials). During ≈ 10 h
the repeat distance of the membrane increases up to 46.16 Å that
slightly exceeds the periodicity of the sample hydrated in pure heavy
water. As in the case of hydration in the water-urea solution, the
membrane swelling in water-EtOH solution is observed to occur in two
stages: a fast initial stage and a subsequent slow one in accordance with
Eq. (6) with characteristic times of 13 and 148min.

The lipid film of the sample removed from the chamber after the
experiment was partially washed away from the quartz plate. The fast
dissolution of the sample may be perhaps related to the ability of
ethanol to extract the lipids from the SC lipid matrix.

3.3. Effect of DMSO on membrane hydration

Figs. 1b and 5 present the d(t) – dependencies for the samples in
water-DMSO solutions at different DMSO concentrations. The NDPs
from the fully hydrated samples are shown in Fig. 6. DMSO at 0.1 mole
fraction has no influence on value of repeat distance. At XDMSO= 0.2,
the sample separates into two phases with repeat distances of 45.32 Å
(main phase) and ≈ 44.4 Å (minor phase) in fully hydrated state. After
20 h hydration, the value of repeat distance of the main phase is con-
siderably lower compared to the values of 46.0 and 45.8 Å for the

sample at XDMSO=0.1 and 0.4, respectively (Table 1). Thus, a strong d-
spacing reduction effect of DMSO is evident at its 0.2 mole fraction in
water-DMSO solution: d=45.32 Å versus 46.0 Å for reference state.
Neutron SLD profile for the sample at XDMSO= 0.4 (Fig. 4b) clear dis-
plays a decrease of the head-groups hydration compared to the sample
hydrated at Xurea= 0.15.

Previously, the DMSO-induced dehydration of phospholipid mem-
branes was observed in the X-ray and neutron scattering experiments
with DPPC (Gordeliy et al., 1998; Kiselev et al., 1999; Cheng et al.,
2015; Kiselev and Zemlyanaya, 2017), DMPC (Gorshkova and Gordeliy,
2007), PEs (Kinoshita et al., 2001) and DOPC (Cheng et al., 2015)
membranes in excess of the water-DMSO solution. The drastic decrease
in repeat distance of the phospholipid membranes, mostly at the low
DMSO concentration (XDMSO<0.13), due to reduction of interbilayer
distance (water layer thickness), was found to be attributed to a
weakening of the repulsive hydration forces between the bilayers as a
result of the DMSO-induced lipid surface dehydration by replacing of
water molecules near lipid headgroups (Cheng et al., 2015; Schader
et al., 2016).

DMSO at 0.6 mole fraction induces the membrane phase separation
during hydration. The intensity of the initial phase becomes to decrease
dramatically after 2 h from the beginning of hydration process (Fig. S2).
Notable that this phase hydrates up to the dfh-value of 46 Å much faster
(τ=41min, Table 1) compared to hydration in pure water

Fig. 4. Neutron scattering length density profile (ρ± Δρ) of the CER[AP]/Ch/
FFA/ChS samples hydrated (a) at Xurea= 0.05 (black shaded area) and
Xurea= 0.15 (grey shaded area) and (b) at XDMSO= 0.4 (grey shaded area) and
Xurea= 0.15 (dash line).

Fig. 5. Change of the repeat distance of the CER[AP]/Ch/FFA/ChS membrane
during hydration in heavy water at XDMSO= 0.6. The solid line is the fit by Eq.
(4).

Fig. 6. Neutron diffraction patterns from the CER[AP]/Ch/FFA/ChS mem-
branes measured at 20 °C after ≈ 18.5 h from the beginning of hydration in
heavy water at XDMSO= 0.1, 0.2, 0.4, and during time interval of (a)
410–464min and (b) 610–703min from the beginning of hydration at
XDMSO= 0.6.
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(τ=61min). The second and third diffraction orders, which were
begun to be recorded after ≈ 4 h from the beginning of hydration
(Fig. 4), display an appearance of the phase with a longer periodicity
that increases during hydration from 47.4 Å to 49.1 Å. The third phase
with d of 40.8 ± 0.2 Å appears after 5 h from the beginning of hy-
dration. These results are consistent with finding of molecular dynamics
simulations of DMSO interaction with ceramide-2 bilayers, which have
shown that DMSO molecules weaken the lateral forces between cer-
amides, that, at high concentration of DMSO (0.4 mole fraction and
more), leads to a phase transition of lipid bilayers from gel to liquid
crystalline phase (Notman et al., 2007). At XDMSO=0.6, in the DMSO-
induced fluidized state of bilayers, the headgroups of lipids form more
H-bonds with water molecules than in the gel state at XDMSO ≤ 0.4, that
results in more rapid and significant swelling of initial lipid phase.

The slow membrane swelling in the presence of DMSO may be
caused by features of interaction between DMSO and water which is
well known. In aqueous solution, DMSO molecules form H-bonds with
water which are stronger and have the longer lifetimes than water-
water H-bonds, thereby increasing the solution viscosity (Luzar and
Chandler, 1993). Indeed, with increasing DMSO concentration, solution
viscosity η has a dramatic non-linear change: it first increases at XDMSO

of up to 0.35 and then again decreases (the reported η-values are 2.152,
3.455, 4.267, 3.398 mPa⋅s at 20 °C for XDMSO=0.1, 0.2, 0.4 and 0.6,
respectively, versus 1.002 mPa⋅s for H2O) (Schichman and Amey,
1971). Consequently, with increasing DMSO concentration up to
XDMSO=0.4, solution diffusivity decreases that explains the slowdown
of the sample hydration and increase in its characteristic times.

At the same concentrations of urea and DMSO, the retard of mem-
brane swelling is less pronounced in urea solutions (cf. the character-
istic times values in Table 1). The values for related viscosity of urea
solution (η/ηwater) at 25 °C extracted from the fit of the literature data
summarized in (Halonen et al., 2017) are∼ 1.1,∼ 1.28,∼ 1.46 and∼
1.85 for Xurea= 0.05, 0.1, 0.15 and 0.2, respectively. As one can see,
these values are significantly lower than those for viscosity of DMSO
solution at the same solute concentrations. Compared to DMSO-water
H-bonds, the urea-water and urea-urea H-bonds are considerably
weaker than those between water molecules and urea tends to form the
specific urea-water clusters (Stumpe and Grubmüller, 2007]. However,
in contrast to DMSO that is a single H-bond acceptor, urea whose mo-
lecule consists of two amine (–NH2) groups (donors for 4 H-bonds) and
the carbonyl (C]O) group (acceptor for one H-bond), can form more H-
bonds with lipid headgroups, displacing hydrogen-bonded water mo-
lecules. The neutron SLD profiles for the samples at Xurea= 0.05 and
0.15 (Fig. 4a) show no difference between the internal structures of the
membrane at these urea molar fractions in aqueous solution, indicating
that urea does not penetrate into the bilayer in the concentration range
investigated. This agrees with results obtained by Muller et al. in the
recent study of CER[AP]/Chol/SA model membrane (Mueller et al.,
2016) there no influence of urea on bilayer repeat distance and no
additional water uptake in the head group region in the presence of
10 w% (≈ 3.4 mole %) urea in aqueous solution were observed. At
Xurea= 0.2, the repeat distance of fully hydrated sample is only ≈
45.5 Å that clear demonstrates a slight d-spacing reduction effect of
urea. This finding is consistent with assumption that even at its 0.2
mole fraction urea does not incorporate into bilayer structure and is
involved in H-bonds with lipids predominantly on the bilayer surface,
preventing thus the water uptake. On the other hand, it was clear
shown in (Pham et al., 2016) that urea has a tendency to fluidize the SC
lipids, and the observed reduction of the membrane repeat distance at
high urea concentration may result from a decrease in the thickness of
lipid bilayer due to its transformation into liquid state.

4. Conclusion

Neutron diffraction measurements, using oriented multilamellar
samples, have revealed that urea and DMSO, in the concentration range

up to 0.2 and 0.4, respectively, influence the value and the rate of
swelling of the short-period model membrane based on ceramide [AP].
Neither urea nor DMSO affect significantly the repeat distance of the
membrane under hydration at their low concentrations (up to 0.15 and
0.1, respectively) in water solution. The d-spacing reduction effect of
both compounds was revealed at their higher concentrations. No in-
fluence of urea on the bilayer internal structure was observed at its
mole concentration up to 0.15. DMSO does not influence the lipid bi-
layer at low concentration, but at mole concentration of 0.6, it causes
the strong phase separation of the membrane that is evidence of that at
high concentrations, DMSO can reduce the skin barrier properties and
enhance permeability by fluidizing the SC lipids.

The observed slowing down of the rate of membrane swelling with
increasing of DMSO and urea concentration may be associated with the
dynamic properties of the water-penetration enhancer solution, namely
its viscosity, this is, however, requires the experimental verification
using additional research methods.

Unlike DMSO and urea, ethanol already at 0.03 mole fraction leads
to dissolution of the sample that made it impossible to study the
membrane hydration at its higher concentrations.
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