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ABSTRACT

Although surfactants have been widely used in skin care and other related applications, our
knowledge about how surfactants interact with stratum corneum (SC) lipids remains limited.
This work reports how surfactants interact with a lipid SC model by neutron diffraction and
molecular dynamics (MD) simulations, focusing on examining the impact of surfactant
molecular architecture. The surfactant-SC mixed membrane was constructed by an equimolar
mixture of ceramide/cholesterol/fatty acids and surfactant at 1% molar ratio of total lipids.
The arrangements of water and surfactant molecules in the membrane were obtained through
neutron scattering length density (NSLD) profiles via contrast variation method, meanwhile,
MD simulation clearly demonstrated the mechanism of hydration change in the surfactant-
model SC mixed membrane. No drastic difference was detected in the repeating distance of
the short periodicity phase (SPP) upon adding surfactants, however, it significantly enhanced
the membrane hydration and reduced the amount of phase separated crystalline cholesterol,
showing a strong dependence on surfactant chain length, branching and double bond. This
work clearly demonstrates how surfactant architecture affects its interaction with the SC
membrane, providing useful guidance for either choosing an existing surfactant or designing

a new one for surfactant-based transdermal application.



1. INTRODUCTION

Skin is fast becoming a target of drug delivery via various transdermal routes that are
mostly non-invasive and that can be self-administrated, thus improving patient compliance
and sustaining drug release for long periods of time.* The greatest challenge for transdermal
delivery is that only a limited number of drugs are amenable to dermal administration.
Stratum corneum (SC) provides a barrier to protect the skin from desiccation and external
molecules, and so restricts the design of transdermal drug delivery vehicles.? As the
outermost layer of human skin, the SC consists of dead keratin-filled corneocytes that are
surrounded by the crystalline lamellar lipid matrix to form a brick-and-mortar structure.® The
‘brick’, corneocyte, was initially thought to be impermeable, but evidence from the diffusion
of drugs through corneocytes proved opposite.*® However, the rate-limiting factor for the
permeability of SC is still the lipid matrix which exists continuously whilst the corneocytes
do not.

Interaction between drug carrier and lipid layers could change the lipid packing in SC,
resulting in the enhancement of skin permeability. Surfactants have been extensively
investigated in drug delivery as drug carrier due to their superior amphiphilicity and self-
aggregation properties.” Meanwhile, studies have suggested that suitable combination of
surfactants with other enhancers may offer a balance between enhancement and irritation.*
Therefore, interactions between surfactants and skin-barrier lipids are of great importance to
understand the strategy to target surfactants as drug carriers and chemical enhancers for
transdermal delivery.

The human skin lipid matrix is mainly composed of ceramides (CERs), cholesterol
(CHOL) and free fatty acids (FFAs). The CERs typically contain a long acyl chain linked to a
sphingoid base through an amide linkage. The structural variation of acyl chain and sphingoid

base leads to a broad diversity of CERs, and approximately 17 subclasses of CERs have been



identified in human skin.>° FFAs with chain length from C16 to C26 have been found in SC,
among which C22 and C24 acids dominate. The structures of the lipid matrix have been
extensively probed using X-ray diffraction,'* neutron diffraction,?*® infrared spectroscopy,®-
17 and electron microscopy.'® Due to the structural difference of CERs, especially the acyl
chain length and mobility of ceramide, two repeating units are formed in SC, including the
short periodicity phase (SPP) with repeating distance of ~ 6 nm and the long periodicity
phase (LPP) with repeating distance of ~ 13 nm.° The electron density profiles obtained from
the X-ray diffraction measurements for CERS/CHOL/FFAs mixtures indicate a bilayer
arrangement for SPP and a multilayer structure for LPP, respectively.?® The most acceptable
structure of LPP is a sandwich model with two crystalline bilayers surrounding a fluid
centre.?! In recent years, Bouwstra et al.!?'® systermatically explored the lipid molecular
arrangements in the unit cell of SPP and LPP by neutron diffraction. Meanwhile, the
interactions between model phospholipid (dipalmitoylphosphatidylcholine, DPPC) and SC
lipids were also invetigated.!” Moreover, simulation studies using molecular dynamics (MD)
were used to probe more detailed structures of SPP and LPP.?% Eric et al.?® proposed the
mechanisms of unique lipid conformational transitions during LPP formation and the
diffusion process of small molecules such as ethanol. Hoopes et al.?® found that the addition
of 0 ~ 0.1 mol % of oleic acid in the model SC (SPP) could enhance cholesterol diffusion.
The ultimate goal of studying the SC structure and its interaction with topical enhancers is to
provide guidance for the development of transdermal drug delievery. However, to the authors
knowledge, very limited infromation has been reported about the interaction between long-
chain cationic surfactant and model SC lipids even though these surfactants are potentially
useful drug carriers and penetration enhancers.

Unlike previous work studying the interaction of surfactant monomeric and micellar

solution with SC lipids,?-?° this work explores the interactions of cationic surfactants with
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model SC membrane in the condensed phase. Here, we focus on whether surfactants could
manipulate the nanostructure of model SC membrane. Four surfactants with various
architectures of hydrophobic chains were employed (R-HAB), i.e., cetyl bis(2-hydroxyethyl)-
methylammonium bromide CisHAB, oleyl bis(2-hydroxyethyl)-methylammonium bromide
OHAB, stearyl bis(2-hydroxyethyl)-methylammonium bromide C1sHAB and isostearyl bis(2-
hydroxyethyl)-methylammonium bromide IHAB. It is known that the hydrophobic chain
fluidity of surfactant influences its performance as chemical enhancer in drug delivery. 7303
The strategy for varying the chain fluidity is to adjust the hydrophobic chain architecture,
such as changing the chain length and incorporating branched or unsaturated covalent bonds
into the alkyl tail. This enables superior self-assembly ability as well as lower Kraft point to
the surfactants. Comparing with the complex lipid mixtures mimicking the real SC
composition in former studies, a simple system containing one ceramide and two fatty acids
was used in this work to construct the model membrane. Neutron diffraction experiments
were performed to determine the model membrane structure, followed by characterizing the
impact from surfactant binding. Neutron scattering length density (NSLD) profiles and
molecular dynamics (MD) simulations were performed to understand the mechanistic

processes underlying the surfactant-model SC membrane interactions.



2. EXPERIMENTAL SECTION
2.1. Materials
Cationic ammonium surfactants oleyl bis(2-hydroxyethyl)-methylammonium bromide
OHAB, stearyl bis(2-hydroxyethyl)-methylammonium bromide CisHAB, isostearyl bis(2-
hydroxyethyl)-methylammonium  bromide IHAB and cetyl bis(2-hydroxyethyl)-
methylammonium bromide C1sHAB were synthesized and purified according to the reported
procedures.2-* No minimal point was found in the surface tension curves (Figure S1), which
indicates the high purity of the surfactants. N-lignoceroyl-D-erythro-sphingosine CER NS
(C24) was purchased from Avanti Polar Lipids, Inc. Cholesterol, behenic acid (C22) and
lignoceric acid (C24) were obtained from Sigma Aldrich. Ceramides, cholesterol and fatty
acids were used without further purification. Deuterium dioxide was purchased from Sigma
Aldrich. The silicon wafer was obtained from Si-Mat (Kaufering, Germany). All organic
solvents (analytical grade) were provided by Sigma Aldrich and used as received. High purity
water (ElgaUltrapure with a resistivity of 18.2 MQ-cm) was used in all the experiments.
2.2. Composition of the model lipid mixtures and sample preparation
Five types of model lipid membranes were constructed in this study. Their name,
composition, and molar ratios are shown in Table S1. Pure ceramide mixture (CER™'®) was
made by an equimolar mixture of ceramide, cholesterol and fatty acid, among which the fatty
acid was an equimolar mixture of C22 acid and C24 acid. To investigate the lipid-surfactant
interaction, surfactant at a 1.0 % molar ratio of the total lipid was added to the lipid mixtures
during sample preparation. For selected surfactant, the surfactant concentration was increased
to 2.0 % molar ratio of the total lipids to evaluate the impact of concentration.

The sample preparation method and equilibration procedure were similar to those
described previously.*> > For each model membrane, the appropriate portions of lipids and

surfactants were dissolved in a methanol/chloroform (1:2 v/v) mixture at a total concentration



of 10 mg/mL. Subsequently, this mixture was sprayed on the silicon surface by the “rock and
roll method” within an area of 2.0 x 2.1 cm?. The solvent was removed by a gentle flow of
nitrogen. In total, ~ 5.0 mg of lipids and surfactants were sprayed on the silicon substrate.
After removing the solvent under vacuum, the sample was equilibrated at ~ 70 °C for half
an hour and then cooled down to room temperature. Afterwards, the sample was hydrated
with D>O/H.0 buffer under 90% relative humidity (RH) at 32 °C for ~ 8 h. The humidity was
controlled in a customized humidity chamber designed by ILL (the Institute Laue-Langevin).
For each sample, three D>O/H20 volume ratios (8:92, 50:50 and 100:0) were used to hydrate
the sample before the neutron diffraction experiments. The hydration time for the same
sample between two measurements was ~ 8 h.
2.3. Surface tension measurements
The surface tension changes of all the surfactants in aqueous solution were measured with a
Kruss K100 maximum pull tensiometer with a platinum plate. The time-dependent changes
were followed at 25.00 £ 0.01 °C until successive values agreed to within 0.1 mN/m. All the
surface tension curves were repeated three times or more and the values plotted were
averaged.
2.4. Neutron diffraction experiments
Neutron diffraction experiments were performed on the D16 cold neutron diffractometer at
ILL in Grenoble, France. The neutron wavelength of 1 = 4.48 A was generated by the
reflection from a highly ordered pyrolytic graphite (HOPG) monochromator. During the
experiment, the sample angle » was rotated in a w-scan with a fixed detector position. The
intensity of the scattered neutrons was recorded by a two-dimensional ®He detector as a
function of scattering angle 26. The sample to detector distance is 955 mm. The area of the
position-sensitive detector is 320 mm x 320 mm, with a spatial resolution of 1 mm x 1 mm.

To maintain a constant temperature and relative humidity, the sample was mounted on a
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goniometer in a lockable aluminum humidity chamber. The sample temperature was fixed at
32 °C for all the measurements, the physiological skin temperature. While measuring a
sample at certain hydration level, the same D2O/H.O mixture was added into the chamber to
keep a constant 90% RH. The measuring time varied from 4 ~ 6 h, depending on the signal-
to-noise ratio.

2.5. Neutron data analysis

Water calibration measurement was made to correct for the efficiency of the detector. The
background measurement was made by measuring the empty chamber, which was subtracted
from experimental data to improve the signal/noise. The ILL in-house software package
LAMP was used to reduce and normalise the data.®® The 2D data was integrated in the
vertical direction to a 1D curve and plotted as scattering intensity against scattering angle

(20). The scattering angle is converted to the scattering vector g by:

4 sin 6
= (1)

where, 4 is the neutron wavelength, € is the Bragg angle. The repeat distance (d) of the

lamellar phase for the model membrane is calculated by:

2mh
d= . (2)

Here, h is the diffraction order. During the neutron diffraction measurements, the sample was
rotated in steps of 0.05° from -1° to 20° to cover all the diffraction peaks. For each diffraction
order, the high intensity peaks around the Bragg order position were integrated. Five scans
near the Bragg angle in a total w range of 0.2° (w = -0.1, -0.05, 0, 0.05, 0.1) were selected
and integrated. The integrated peaks were fitted with Gaussian:

(x—pw)?

f(x) =ae 2% +c¢ 3
Where a is the intensity of peak, p is the peak position, o is the standard deviation and c is the

offset for the baseline correction. The Gaussian peak height (In) was obtained from the fitting



curve, which was used to calculate structure factor amplitude (|F,|):

|Fpl = Apy/L - I, 4)
L is the Lorentz correction; the value was calculated by the sin 2 8 value. A;, represents the

sample adsorption correlation factor, and was calculated as follows®®:

1

A= — 5)

. —2ul
sin 9(1—esin 6)
2ul

Here, | is the thickness of the sample and w is the linear attenuation coefficient. The
calculated sample thickness is 15 um according to the reported methods.!? ¥ In brief, the
total amount of lipids, the sprayed area and lipid density were combined to get the lipid
thickness. The attenuation coefficient was obtained by using the lipid film density, chemical
composition and neutron wavelength.

It is reported that the unit cell of SPP is a centrosymmetric arrangement, which means that
the phase signs of structure factors could be either 0 or z. Therefore, the amplitudes of the
structure factors linearly change with the D>O/H0 ratio.**” Assuming the water molecules
being located at the boundary of the unit cell this gives a phase sign distribution of — + — + —
for the five diffraction orders. Additionally, the structure factor for the water layer is defined
as the structure factor at 100% D>O minus the structure factor at 8% D»0O. Consequently, the
linear plot of D.O/H>0 ratios versus the structure factors can obtain the structure factor phase
signs for different diffraction orders. Detailed description of this method can be found
elsewhere.®® 33 The Fourier reconstruction of the scattering length density (SLD) profiles

across the unit cell is calculated using the following equation:

2.m.h.
p(x) = Fo + 25,15 Fy cos (25) ©®)
Here, x is the direction normal to the lipid bilayer membrane, x = 0 is the center for the unit

cell. In this equation, Fo is the SLD per volume of the sample, which puts the data on an

absolute scale. The Fo value for different lipid composition can be obtained by combining the
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density and chemical composition of the model membrane.*® As shown previously,* 44 the
data can be adjusted by isotopic substitution (H/D) of certain parts of the lipid molecules. The
known SLD difference between H and D sample can be linked with the area difference
between the SLD profiles. The use of hydrogenated lipids and surfactants limits SLD
changes, but it is sufficient for us to analyse the variation of SLDs in the unit cell.
2.6. Molecular dynamic (MD) simulation setup and simulation protocol
A model of the short periodicity phase (SPP) is simulated. Its composition structure is shown
in Figure 1, containing N-lignoceroylsphingosine (CER), lignoceric acid (LA) and cholesterol
(CHOL) with equimolar ratio of 1:1:1 in the bilayer structure. The surfactant (CisHAB or
IHAB) in the bilayer of CER, LA and CHOL is in the molar ratio of 1:2:2:2. This study
provides useful insight into the hydration of SC lipids arranged in a bilayer structure that is
perturbed by cationic surfactant to model the SPP using all-atom resolution while also
combining the simulation model with neutron diffraction experiments. Molecular dynamics
(MD) simulation is an increasingly promising technique for studying the SC, and numerous
studies have already been performed.***” These vary in resolution from coarse-grain to all-
atom force fields, and SPP bilayers are more commonly studied than long periodicity phase
(LPP) multilayers.*

Bilayer models with and without cationic surfactant were separately generated in
rectangular boxes (X = Y # Z) using CHARMM-GUI Membrane Builder.*8° Their initial

box sizes were 4.5X4.5X10 nm® and 5.1X5.1X10 nm3 respectively. All the MD

simulations were run in the CHARMMS36 (C36) force field, the C36 lipid force field was
used with the TIP3P water model,* %! force field parameters of surfactants were generated by
CHARMM General Force Field (CGenFF) program.>>°2 100 mM NaCl was used in these
simulations.

All simulations including NVT, NPT ensemble and production MD were performed in

11



GROMACS 2016.3.5*% The temperature was initially maintained by the Berendsen
thermostat with a time constant of 0.5 ps for initial equilibration; it was then changed to the
Nosé—Hoover thermostat with the same time constant. Pressure was controlled at 1 bar using
a Berendsen barostat for initial equilibration with a time constant of 0.5 ps and a
compressibility of 4.5x10°° bar™%; in a subsequent production MD run, it was changed to a
Parrinello-Rahman barostat with a time constant of 5 ps and a compressibility of 4.5x107°
bart. The semi-isotropic coupling (coupled separately in the xy and z direction) of the
barostat was used to simulate a tensionless bilayer.

All of the bonds in lipid molecules were constrained using the LINCS algorithm36 while
for water the SETTLE37 algorithm was used. A time step of 2 fs was used for simulations at
303 K, a cutoff of 1.2 nm was used for van der Waals and electrostatic interactions. Long-
range electrostatic interaction was computed using the particle mesh Ewald (PME) method.
The equilibration time for all of the systems was 500 ps (NVT), 1 ns (NPT) equilibration
followed by 50 ns production MD. The final 5 ns run of MD simulation was used for
calculation of equilibrium properties (production run). The configuration was sampled at
every 0.5 ps in the production run. Visual Molecular Dynamics (VMD)®® was used to create
snapshots.

2.7. Simulation result analysis

Mass density profiles (MDPs) along the bilayer normal were calculated with a slab thickness
of 0.2 A. Radial distribution functions (RDFs) were calculated with the oxygen of CHOL, the
head of CER, and the carboxyl carbon of LA to describe their hydration behavior and

hydration change affected by surfactants.
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3. RESULT AND DISCUSSION
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Figure 1. Structures of ceramide, cholesterol, fatty acids and surfactants.

Despite the superior amphiphilic properties of cationic surfactants, the toxicity limits their
practical applications. One of the potential hazards of cationic surfactants as drug carrier and
penetration enhancer is to cause skin irritancy such as redness and inflammation, which arise
from the interactions between surfactants and skin lipids or proteins.32-33 5758 Both the critical
micellar concentration (CMC) and headgroup charge have been thought as the main impact
factors.>® Surfactants with high CMCs are more irritant than those with low CMCs, since
surfactant monomers are thought to interact more strongly with SC proteins than the micelles.
Additionally, ionic surfactants may exhibit stronger irritancy than nonionic surfactants
because of the charge-driven electrostatic interactions with keratins in SC.

We have designed and synthesized four long-chain cationic surfactants with a large
headgroup as shown in Figure 1, aiming to reduce the irritancy while keeping superior self-
assembly capability. The long hydrophobic tail maintains the high hydrophobicity of
surfactant with a low CMC. A large volume of surfactant headgroup weakens its binding to
SC proteins through charge interaction. As the fluidity of surfactant’s chain can also influence

its performance as chemical enhancer in drug delivery,® " 303! the hydrophobic chain
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architecture such as chain length, branching or unsaturation has been adjusted by increasing
the chain length from C16 (C1sHAB) to C18 (C1sHAB), branched methyl group in isostearic
alkyl chain (IHAB) and incorporation of one double bond in oleic chain (OHAB). This work
aims to reveal the arrangements of these selected surfactants in model SC membranes and
understand the impact of chain fluidity on the interactions between SC lipids and surfactants.
3.1. Critical micellar concentrations (CMCs)

Surface tension experiments were carried out to obtain the CMCs of the surfactants and the
results are shown in Figure S1. Surface tension values drop with increasing surfactant
concentration, and then they level off and become invariant beyond the CMC. The CMC
values obtained from the surface tension curves (Table S2) decrease in the order of IHAB <
CisHAB < OHAB < C1sHAB.

Given the same headgroup of these surfactants, the variation of CMC can be explained by
the chain architecture. For C1sHAB, OHAB and CisHAB, the hydrocarbon chain length
increases from C16 to C18. According to the Klevens equation,® the logarithm of CMC
linearly decreases with increase in hydrophobic chain length of the surfactant, because of the
increase of hydrophobicity with chain length. Thus, CisHAB has the highest CMC value
among all the surfactants. Comparing OHAB with C1sHAB, they both have the same number
of hydrocarbon (C18) in the tail moiety. However, the cis-double bond configuration of oleic
chain leads to a shorter equivalent chain length than that of straight chain, indicating a higher
CMC for OHAB.

IHAB has the lowest CMC among all the surfactants. Normally, with the same number of
carbons in the chain, the branched alkyl chain exhibits a better affinity with water than the
straight one as it effectively shortens chain length,%! resulting in a higher CMC for the
branched surfactant. However, the influence of chain length is not well pronounced for IHAB
because only one branched methyl group exists at the end of the alkyl tail. The major impact
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of the branched methyl group is understood from how the alkyl chain of IHAB packs. The
steric hindrance could well lead to more loose packing between the branched methyl groups.
The surfactant could reach its saturation adsorption at a lower concentration than the straight-
chain surfactants, resulting in the lower CMC of IHAB than that of C1sHAB.

3.2. Neutron diffraction pattern

Neutron diffraction measurements were performed to investigate the structures of
CER/CHOL/FFA model membranes with and without surfactants. First, model SC lipid
membrane without surfactant (CER™'™) was studied. The composition for CERPU'® is
presented in Table S1, consisting of an equimolar mixture of ceramide (CER NS (C24)),
cholesterol and a fatty acid mixture (C22: C24 = 1: 1, molar ratio). The sample was hydrated
and measured at 8% D»0, 50% D>0 and 100% D-O. Figure S2 shows the one-dimensional
neutron diffraction profiles for CERPU"® at different contrasts. The sharp diffraction peaks
suggest a highly oriented lamellar structure parallel to the silicon wafer substrate. From the
diffraction patterns shown in Figure S2 a lamellar phase was observed together with the
crystalline CHOL phase. The repeating distance (d) of the lamellar phase was calculated by
the g value of each Bragg peak using Eg. 2, and the averaged d value was calculated by a
least square fitting procedure, with the results with uncertainties listed in Table S1. The
calculated periodicity of CER™"™ at 100% D0 is 53.4 + 0.6 A, which is close to the reported
repeating distance of the short periodicity phase (SPP).'? > This value is also consistent with
the SPP structure formed by the more complex CERs/CHOL/FFAs mixture containing
ceramides from 5 CER subclasses and 7 fatty acids,'> *° displaying a more close mimicry of

the human SC composition.t” 24
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Figure 2. Neutron diffraction one dimensional plot of intensity vs g for the CER/CHOL/FFA
membrane and the surfactant/CER/CHOL/FFA mixed membranes hydrated and measured at
100% D0, with each surfactant being controlled at 1mol%. The diffraction orders of the SPP
lamellae are indicated by the numbers and the CHOL peaks by means of an asterisk. An
enlarged graph is presented in Figure S3 to enable better viewing of the peaks from higher
diffraction orders.

To investigate the interaction of surfactant with model SC membrane, a small amount of
surfactant (1 mol% of total lipids) was added during membrane preparation. In total, four
surfactant-SC lipids mixed membranes were investigated as shown in Table S1, i.e.,
CERC16HAB CERC8HAB CER'MAB and CERC™AB. Figure 2 shows the one-dimensional plot of
scattering intensity vs scattering vector q for the surfactant/CER/CHOL/FFA mixed
membranes hydrated and measured at 100% D-O. The profile of CER™" is also presented for

comparison. All one-dimensional curves have six diffraction orders from both the lamellar
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structure of lipids and the crystalline CHOL phase. The numbers in Figure 2 indicate the five
diffraction peaks from SPP, and the asterisk indicates the diffraction peak of phase separated
CHOL (q = 0.19 A). No additional surfactant phase was observed, indicating that all the
surfactants were incorporated into the SPP structure. The repeating distances of the SPP
structure after adding surfactants were calculated to be 53.2 + 0.3 A, which is similar to that
of 53.4 + 0.5 A for CER™"®. Obviously, surfactants have very limited impact on the repeating
distance of the lamellar structures, however, the Bragg peaks become more pronounced after
adding surfactants as observed in Figure 2, especially for the higher order ones. This suggests
that the lamellar structures become more ordered in the present of surfactants. Another
notable difference between the 1D curves is the decrease of cholesterol peak intensity with
the addition of surfactants, which will be discussed later in this paper.

Though little impact on the repeating distance of SPP is observed by adding surfactants,
the arrangements of surfactants and the corresponding impacts they lead to the SPP unit cell
are not clear yet. Therefore, the model membranes were hydrated and measured at 50% D,O
and 8% DO (Figure S4) to gain further structural information of the SPPs.

3.3. Structure factors and phase sign of SPP

The contrast variation method was used to determine the phase sign of the different
diffraction orders.33" In this case, neutron diffraction measurements were performed with all
the model membranes at 8%, 50% and 100% DO in the mixed solvent of D-O and H20. As
shown in Figure S5, structure factors linearly change with the volume fraction of D20,
indicating a centrosymmetric structure of the SPP unit cell with the phase sign of either +1 or
—1. The choice of the unit cell origin fixes the h = 1 sign, it will be —1 if the origin is set at
the bilayer center. The h = 2 sign is related to the water SLD profile, and it will be —1 when
the water density profile is considered as positive.52% The water structure factors can be
derived by subtracting the structure factors at 8% D>O from that at 100% D>O. Assuming
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water molecules locate at the unit cell boundary nearing the hydrophilic headgroup of lipids,
the remaining phase signs are derived such that the obtained water SLD profile shows a
maximum at + d/2 and a relative flat distribution at the bilayer center. This gives a water
phase sign of —, +, — +, — for the five diffraction orders h = 1 ~ 5. Other phase sign
combinations were tried as well but they give unrealistic water distributions. The amplitudes,
phase signs and corresponding uncertainties of the structure factors are summarized in Table
S3.

3.4. Neutron SLD profiles of model membranes and water distributions

The synthetic model SC membrane has a low hydration level of ~ 2 water molecules per lipid
compared to phospholipid bilayers of ~ 12 to 35 molecules per lipid.*? % It is speculated that
the intermolecular hydrogen bonding between CER headgroups plays a significant role in
providing barrier function to SC.54% The low hydration level of the SC lipid matrix increases
the hydrophobicity of the SC which contributes to the skin barrier function. However, the
barrier function must be reduced to increase the permeability of SC for transdermal delivery
systems. It is useful to understand the impact of surfactant on the hydration of model SC
membranes.

The neutron SLD profiles were generated by Eq. 6 using the deduced phase signs and the
corresponding structure factor amplitudes in Table S3. Figure 3A displays the SLD profiles
of CERP'"® at 8% and 100% D0. As the positive neutron SLD for DO (6.35 x 10% A-2) and
negative SLD for H,0 (-0.56 x 10 A2) 8% D0 leads to SLD = 0, making water effectively
invisible to neutron at this contrast. The difference between the curves at 100% and 8% D20
indicates the water SLD profile, which is presented as a solid line in Figure 3A. By this
means, the water SLD profiles for the surfactant-CER mixed membranes were obtained and
presented in Figure S6, and a comparison of the water profiles for the different membranes

was made in Figure 3B.
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Figure 3. (A) The relative SLD profiles of CER™" hydrated and measured at 8% D20 (black
dotted line), and 100% D-O (red dashed line). Difference profile between 8% and 100% DO
shows the water SLD profile (blue solid line). (B) The relative water SLD profiles in different
model membranes with each surfactant being controlled at 1 mol% of total lipids. (C) The
intercepts and slopes calculated from the water SLD profiles in Figure 3B. The slope is an
absolute value calculated from the SLD curve ranged from 20 A ~ 27 A.

For CERP'", the water SLD curve displays a maximum SLD at the boundary and a
submaximal at —15 A and +15 A; meanwhile, a relative flat profile is observed in the central
region. The maximum and submaximal water peaks indicate the locations of CER and FFA
headgroups and the location of cholesterol headgroup, respectively. Because the water
molecules prefer to bind to the polar hydrophilic moieties of lipid molecules, the relative flat
SLD in the center suggests the location of alkyl tails. Therefore, lipid arrangements in the
SPP unit cell can be estimated from the water SLD distribution. It is a typical SPP
arrangement with the ceramide and fatty acid headgroups locate at the cell boundary and the
hydrophobic tails interdigitate at the center of the cell. The cholesterol headgroup locates at
the lipid/water interface with the tail extending to the bilayer center. This kind of lipid
arrangement is consistent with the model proposed by Mojumdar et al.*®

Surfactant significantly affects the hydration of the model SC membrane. A pronounced

elevation of water SLD is observed at the cell boundary upon addition of surfactant as shown

in Figure 3B, indicating the increase of the hydration level of the model membrane.
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Meanwhile, the hydration level increases when more surfactant was added in Figure S7. The
surfactant headgroup contains a cationic ammonium polar center and two hydroxyl groups,
which is more attractive to water molecules than the neutral ceramide and fatty acid
headgroup. Therefore, the increase of water SLD at the boundary region implies the location
of surfactant headgroups. In addition, the submaximal SLD peaks at —15 A and +15 A
decrease with surfactant addition. As discussed above, this water peak is attributed to the
polar headgroup of cholesterol. The decrease of this peak indicates that the hydration level of
cholesterol gets down in lipid-surfactant mixed membranes compared to CER™ . The polar
headgroup of surfactant makes the boundary region effectively more competitive to bind with
water during hydration process, which consequently results in the decease of cholesterol
hydration level. This alteration also marks the change of structural packing over the
headgroup region as a result of surfactant mixing.

Figure 3C compares the hydration level for different model membranes by calculating the
intercepts and slopes of the water SLD profiles. Briefly, the intercepts are the SLD values at
X =-27 A'and X = +27 A in Figure 3B, and the slopes are calculated from the curves ranged
from 20 A < X < 27 A. The intercept reflects the maximum increment of SLD in the presence
of surfactant and the slope indicates the water density gradient in the hydrophilic part of the
unit cell. Interestingly, both the intercepts and slopes in Figure 3C increase in the order of
CERP"® < CERPHAB < CERCI8HAB <« CER'MAB < CERC1MAB  gyggesting the hydration
gradient and water density at the unit cell boundaries increases in the same sequence.
Considering the same headgroup and molar concentration of surfactants in the mixed model
membrane, the difference points to the effect from the molecular architecture of surfactant
tails, as shown in Figure 1. Obviously, CisHAB is the most hydrophilic one due to the
shortest C16 tail, thereby exhibiting the strongest binding ability with water. Comparing the
branched IHAB with the straight-tail CisHAB, the branched hydrocarbon chain exhibits a

20



better affinity with water than the straight one.* OHAB has the same number of hydrocarbon
as C1sHAB, and theoretically the C=C double bond is more hydrophilic due to the higher
electron density. However, the cis-configuration of the oleic chain may increase the steric
effect in the hydrophobic chain region, making the equivalent molecular volume of OHAB
tail larger than that of CisHAB. OHAB molecules thus pack more loosely in the unit cell, and
the corresponding density of water molecules is much lower than the others. Overall, the
addition of surfactants increases the hydration level of the model SC membrane, but the exact
extent of increase varies with the length and configuration of the hydrophobic chain.

3.5. Role of surfactant in the SPP unit cell

The structural role of surfactant in the SPP unit cell is investigated by comparing the SLD
curves for different model membranes at 8% D20, where neutron scattering from water is
negligible. Figure 4A depicts the SLD profiles for different model membranes hydrated and

measured at 8% D-O. It shows that the SLD level at the boundary increases extensively in the

present of surfactant, consistent with presence of the surfactant headgroups in this region.

Meanwhile, a reduction of SLD occurs in the central region between X = —18 A and +18 A,

resulting from the overlapping of hydrogenated surfactant tails with the ceramide and fatty
acid tails in the center of the SPP unit cell. Additionally, there is no interdigitation of
surfactant tails as no distinct minimum of SLD can be observed at the zero position. This is
reasonable as the maximum chain length of a fully extended surfactant tail is ~ 22 A (C18),
which is shorter than d/2 (~ 27 A). Therefore, the possible arrangement of surfactant is that
the headgroup locates at the unit cell boundary with the hydrophobic chain perpendicular to

the basal plane.
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Figure 4. A) Relative SLD profiles for different model membranes hydrated at 8% D,O; B)
the difference plot between surfactant-lipid mixed membrane and pure lipid membrane at 8%
D20 indicates the surfactant SLD profile changes, C) Cholesterol peak intensity changes
from different surfactant-lipid model membranes at 8% D-0.

To further understand the impact of surfactant on the SPP unit cell, Figure 4B depicts the
SLD profiles for the neat surfactants by subtracting the SLD profile for CER™" at 8% D,0
from those for lipid-surfactant mixed membranes at 8% D.QO. Though all the profiles exhibit
an increased SLD value at the boundary when compared with CER™ ", the increment of SLD
varies between surfactants with increase in the order of CER®"AB < CERC18HAB < CERCI6HAB
< CER'™AB, Theoretically, the increment for all the model membranes should be identical due
to the same headgroup and molar concentration of surfactants. It is most likely that the
scattering intensity is not only from the surfactant. For the equimolar mixture of
CER/CHOL/FFA, CHOL is partially incorporated into the lamellar structures and partially
phase separated forming the crystalline phase.'® Comparing the 1D diffraction patterns at 8%
D20 for all the model membranes, a significant variation of the CHOL peak intensity is
observed in the presence of surfactant, and a detailed comparison of the peak alone within a
narrow g range of 0.16 At ~ 0.22 A is made in Figure 4C. The intensity of the CHOL peak
decreases in the order of CERPU"® > CERCHAB > CERCI8HAB > CERCIHAB > CERIMAB which
is in a reversed order to the variation of the maximum SLD value at the boundary. It can be

concluded that more CHOL molecules become incorporated into the SPP lamellae with
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surfactant addition. These CHOL molecules lead to the increase of SLD in Figure 4B due to
the higher SLD for the CHOL head (~ 0.49 x 10°® A?) than that of the surfactant head (~ 0.28
x 10 A2). Meanwhile, the preference of CHOL binding with different surfactant can be
demonstrated by the SLD change in the central region of the unit cell in Figure 4B. It shows
that the minimum point of SLD shifts from the zero position to X =5 ~ 10 A, indicating that
the CHOL tail is locating at this region as the interdigitation of protonated CHOL tail and

surfactant tail results in a more negative SLD value. The SLD value at X = ~ +8 A decreases

in the order of CERO"AB > CERC18HAB > CERCI6HAB > CER'MAB suggesting that the amount
of CHOL binding with surfactant increases in the opposite order. This trend is consistent with
the SLD changes at the headgroup region as discussed previously. Therefore, the SLD
variations at the boundaries and in the central region together support the preferential CHOL
binding with all the surfactants, resulting in its positional adjustment within the lipid bilayer.
Different interaction between surfactant and CHOL can be understood from the
hydrophobic chain architecture of surfactants. First, OHAB with an oleic tail shows the
weakest binding to cholesterol, evident from a minor increase of SLD at the boundary. This is
because the CHOL molecule has lower affinity for unsaturated alkyl chains than for the
saturated ones, consistent with the interpretation reported previously.!® % IHAB shows the
strongest binding to CHOL, consistent with the larger volume of the branched tail than the
straight-chain one. It is reported that the interfacial area of CHOL is approximately twice of
the straight hydrocarbon chain.’**> So one CHOL molecule can compensate two straight-
chain surfactant molecules (CisHAB and C1gHAB), but it can only compensate one branched
surfactant (IHAB), indicating that the binding efficiency of IHAB to CHOL is much higher
than other surfactants and supporting the largest SLD increase of IHAB as shown in Figure

4B. The SLD curves in Figure 4B suggest that CHOL has stronger binding with C1sHAB than
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C1sHAB. The notable difference between them arises from the hydrophobic chain length,
with shorter chain packing less densely and more favourable binding to CHOL.

3.6. Mechanism of surfactant-model SC interaction

MD simulations were performed with the selected surfactants of CisHAB and IHAB to
understand the hydration change of the model SC membrane upon surfactant mixing. Firstly,
MD was performed with pure lipid membrane in Figure S8. Figure S8A depicts the chemical
structures of lipid molecules and Figure S8B highlights the simulated outcome with the
snapshot of the lamellar structure at 50 ns. Figure S8C shows a detailed analysis through
inspection of mass density profiles (MDPs) of water, the headgroups and tails of the CER
molecules. The thickness of the lamellae is calculated by the peak-to-peak distance of CER
head being 5.25 nm, identical to the experimental results of 5.31 nm. The MDPs of the CER
tail exhibits a “W’ shape in the middle region, consistent with the interdigitating arrangement
of the CER molecules obtained from the neutron diffraction results. The Radial distribution
functions (RDFs) for the hydration of the selected oxygen atoms and nitrogen atoms in the
model membrane are presented in Figure S8D and S8E. The RDF profiles show primary
peaks at ~ 2.4 A, which is equal to the force range of H-bonding length. Notably, LA-H,0
RDFs show the highest peak intensity compared to CER-H.O and CHOL-H-0, indicating
that the hydration of LA dominates the membrane hydration.

Upon introducing surfactants, the MD simulated molecular arrangements of the mixed
surfactant-model SC membrane are shown in Figure 5 with Figure 5A and 5D for the
membranes containing C16HAB (CER®!HA8) and IHAB (CER'™/B), respectively. For both
CERC1%HAB and CER'™AB, the snapshots of the membrane show that the overall bilayer
arrangements are kept with surfactant mixing. The corresponding MDPs are shown in Figure
5B and 5E to depict the distributions and relative locations of the lipid, water and surfactant

as a function of distance (z axis). The MDPs illustrate that the surfactant tails insert into the
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bilayer with no interdigitation happening, and that the headgroups locate at the boundary of
the bilayer. Comparing with the location of CER head, surfactant head extends more into the

water layer by ~ 3.0 A and ~ 1.2 A for CER®6HAB and CER'™AB, respectively.
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Figure 5. A) Chemical structures of C1sHAB, with RDF selection atoms shown in colours.
Snapshot of the CisHAB/CER/CHOL/FFA mixed membrane (CERC!HAB) at the end of
simulation. B) Mass density profiles of water, Ci.sHAB and CER in CER®!HAB as a function
of distance. C) RDFs of selected atoms and corresponding water association number profiles.
D) Chemical structures of IHAB, RDF selection atoms are shown in colours. Snapshot of the
IHAB/CER/CHOL/FFA mixed membrane (CER'AB) at the end of simulation. E) Mass
density profiles of water, IHAB and CER for CER'"A8 as a function of distance. F) RDFs of
selected atoms and corresponding water association number profiles.

As discussed already with CERP", the hydration of LA plays the key role in membrane
hydration during simulation, the LA-H.O RDFs for CER®®"AB and CER'AB as shown in
Figure 5C and 5F support this interpretation. Upon adding surfactant, both the primary and
secondary peaks of LA-H,O RDFs decrease in the order of CERPU"® > CERC16HAB > CERIHAB,

The corresponding water association number of the first hydration layer decreases in the
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order of 3.24 > 3.04 > 2.96 and the second hydration layer is in the order of 13.15 > 12.39 >
11.89 (Table S4). These results reveal the reduced hydration of LA by surfactants, associated
with the strong electrostatic interaction between oppositely charged headgroups of surfactant
and LA.%"% This can be proved by the RDFs of LA-C16HAB and LA-IHAB in Figure S9, in
which LA-IHAB has a stronger peak than that of LA-CisHAB, indicating the stronger
intermolecular association between the headgroups of IHAB and LA and weaker hydration of
LA containing IHAB.

Furthermore, the hydration of surfactant headgroup (-HAB) was obtained by the RDFs of
HAB-H0 in Figure 5C and 5F. Although the extent of hydration of CisHAB and IHAB
headgroups is weaker than that of the negatively charged headgroup of LA, the water
association numbers of CisHAB and IHAB headgroups are much larger than that of LA-H20
(Table S4). Thus, in spite of reduced hydration to anionic LA and some cationic surfactant
molecules, the overall hydration level is enhanced as a result of adding surfactants into the
membrane.

By combining the MD simulations with the experimental results, we schematically
illustrate structural changes of the SC membrane before and after surfactant binding in
Scheme 1. Scheme 1a depicts the lipid arrangements of CER™ in the SPP unit cell. In this
model, the polar headgroups of CER, CHOL and FFAs locate at the unit cell boundaries with
the hydrophobic chains projected perpendicular to the basal plane. Excess CHOL molecules
form the phase separated CHOL phase. Scheme 1b presents the lipid arrangements after
adding surfactants. The positively charged surfactant headgroups locate at the unit cell
boundaries with their hydrophobic chains extending to the bilayer centre. The hydration of
the boundary regions increases due to the strong hydration of surfactant headgroup. CHOL

molecules follow similar style of structural alignment like surfactant but the mixing of
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surfactant promoted the participation of more CHOL molecules and altered local packing,

because the surfactant molecules create new binding sites for CHOL.
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Scheme 1. Schematic for the bilayer structure of the SPP in model SC. (a) Pure SC
membrane without surfactant, both the SPP phase and CHOL phase are presented with
hydration layer in light blue. (b) Surfactant-lipid mixed model membrane, crystalline CHOL
molecules migrate into the SPP with enhanced hydration of the bilayer (deep blue).

The above mechanism provides a new interpretation of surfactant as penetration enhancer
in model SC. The surfactant plays a dual role in increasing the permeability of SC lipid
membrane, which is different from the conventional penetration enhancer, i.e., ethanol, long-
chain fatty acids and fatty alcohols.”>® On the one hand, more CHOL molecules incorporate
into the SPP lamellae upon surfactant mixing, the decreased phase-separated CHOL level
weakens the permeability of model SC.”* On the other hand, hydrophilic surfactant
headgroup remarkably increases the hydration level of model SC membrane and perturbs the
lipid packing in the polar region, which improves the fluidity of fluid domain and

consequently increases the permeability of the model SC membrane.”
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4. CONCLUSIONS

A SC lipid model, consisting of a three simple component mixture of CER/CHOL/FFAS,
produces the SPP structure that is highly similar to those reported from more complex lipid
mixtures.*? 120 Neutron diffraction reveals that addition of surfactant significantly increases
the overall hydration of the model membrane in the hydrophilic domain, and the hydration
increases in the order of CER™"® < CER9HAB < CERC18HAB <« CERHAB < CERCI6HAB The
variation of hydration strongly depends on the hydrophilicity of the group of surfactant
possessing the same headgroup but different chain architecture. The arrangement of
surfactant in the SC membrane was examined from neutron SLD profiles and MD
simulations. The results revealed a consistent picture of the projection of surfactant head-
groups over the unit cell boundaries and tails extended to the center of the membrane bilayer.
Interestingly, more CHOL molecules were incorporated into the SPP unit cell in the presence
of surfactant, and the exact amount was affected by the molecular architecture of surfactant.
Although incorporation of CHOL molecules affects the barrier function of the SC membrane,
the more hydrophilic surfactant increases its hydration and fluidity and may eventually result
in better permeability. Overall, this work has offered useful insight into the roles of surfactant
and CHOL in mediating hydration and local structure of the SC membrane, providing
important guidance for the development of surfactant-based transdermal drug delivery

systems.
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SUPPORTING INFORMATION

Table S1. Lipid composition, the component molar ratios and the repeating distance for
different model membranes at different D>O volume fractions.

Membrane Name Lipid composition Molar ratio  Repeat distance (&) D20 (%)
53.3+0.3 8
CER™® CER/CHOL/FFA 111 533+03 50
53.4+0.6 100
53.2+0.2 8
ceR™® CER/CHOL/FFA/C1sHAB 1:1:1:0.03 53.2+0.2 50
53.2+0.3 100
52.9+0.4 8
CER™M® CER/CHOL/FFA/C1sHAB 1:1:1:0.03 53.2+0.2 50
53.1+0.3 100
53.0+0.3 8
cer°™® CER/CHOL/FFA/OHAB 1:1:1:0.03 53.1+0.2 50
53.3+0.2 100
53.2+0.2 8
cer"™® CER/CHOL/FFA/IHAB 1:1:1:0.03 53.2+0.3 50
53.2+0.3 100
53.3+0.2 8
CER®™®? CER/CHOL/FFA/OHAB 1:1:1:0.06 53.1+0.3 50
53.2+0.3 100

Table S2. The scattering length density (SLD) and CMC values for surfactants and
cholesterol (CHOL).

Surfactant SLD head (x10% A2)  SLD tail (x10% A2 CMC (mM)

CisHAB 0.28 -0.36 0.85
OHAB 0.28 -0.36 0.52

CisHAB 0.28 -0.34 0.23
IHAB 0.28 -0.35 0.12
CHOL 0.49 -0.50 -

Cetyl bis(2-hydroxyethyl)-methylammonium bromide CisHAB, oleyl bis(2-hydroxyethyl)-
methylammonium bromide OHAB, stearyl bis(2-hydroxyethyl)-methylammonium bromide
C1sHAB, and isostearyl bis(2-hydroxyethyl)-methylammonium bromide IHAB.
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Table S3. The structure factors with their corresponding phase signs and standard errors for

all the model SC membranes.

Membrane type D20 (%) F1 F2 F3 F4 F5
8 -3.98 + 0.07 0.89 + 0.07 -0.57 £ 0.19 1.16 + 0.06 -0.73 £ 0.12
CERpure 50 -5.45 + 0.02 0.99 + 0.05 -0.89 £ 0.12 1.91 + 0.04 -0.97 £ 0.05
100 -6.87 £ 0.07 1.49 + 0.06 -1.26 £ 0.10 2.40 + 0.05 -1.41 £ 0.05
8 -6.30 + 0.07 1.75 + 0.06 -1.02 + 0.09 1.61 + 0.05 -0.78 £ 0.07
CERC16HAB 50 -8.88 + 0.06 3.13+0.05 -218+0.04 288+003 -1.41+0.04
100 -11.04 + 0.05 437 +0.04 -3.21 £ 0.03 3.83 +0.02 -2.15 +0.03
8 -4.92 + 0.07 1.40 + 0.08 -0.64 +0.13 1.20 £ 0.05 -0.81 £ 0.09
CERC18HAB 50 -7.16 + 0.06 209+0.05 -1.33+0.06 205+0.04 -1.05=+0.05
100 -9.15 + 0.04 3.00 + 0.04 -2.00 + 0.04 2.74 + 0.02 -1.28 + 0.03
8 -4.24 + 0.06 1.28 +0.07 -0.72 £ 0.11 0.96 + 0.07 -0.64 £ 0.08
CEROHAB 50 -5.54 £ 0.04 1.85 + 0.04 -1.03 + 0.07 1.63 + 0.03 -0.77 + 0.04
100 -7.41 + 0.04 2.66 + 0.04 -1.70 + 0.04 2.21 +0.02 -1.18 £ 0.03
8 -6.35 £ 0.07 260 +0.06 -147+007 168+0.05 -0.74+0.19
CER'HAB 50 -8.23 + 0.06 3.66 £ 0.04 -2.37 £ 0.04 2.56 + 0.03 -1.22 £ 0.04
100 -10.75 + 0.04 5.18 + 0.03 -3.47 £ 0.02 3.77 £ 0.02 -1.94 + 0.02
8 -4.91 + 0.05 1.70 + 0.06 -1.10 + 0.06 1.22 +0.04 -0.77 £ 0.03
CEROHAB-2 50 -6.59 + 0.04 2.57 +0.07 -1.52 + 0.05 2.13 +0.02 -1.25 + 0.02
100 -8.87 + 0.04 3.63 + 0.06 -2.60 + 0.03 3.22 +0.03 -1.67 + 0.04
70 - u u C16HAB
A e C,HAB
_60. v OHAB
= A |HAB
—
% 50 -
A
&~
40 -
30 -
0.001 0.01 0.1 1 10
C, (mM)

Figure S1. Surface tension curves for surfactants plotted against Cs, where Cs is surfactant

concentration in mM.
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Figure S2. Neutron diffraction one-dimensional plots of intensity vs q for CERP'"® hydrated
and measured at 8%, 50% and 100% D>0. The SPP diffraction orders are marked by numbers

and the CHOL peak by using asterisks.
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Figure S6. The relative SLD profiles of the CER/CHOL/FFA/surfactant mixed membranes
hydrated and measured at 8% D-O (black dotted line), 100% D>O (red dashed line). The
difference between 8% and 100% D>O shows the water SLD profile (blue solid line). A)

CERC]'GHAB, B) CERC]'BHAB, C) CEROHAB and D) CERIHAB.
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Figure S7. Water SLD profiles for CER™"®, CER°"AB (OHAB concentration at 1% molar

ratio of total lipids) and CER®HAB2 (OHAB concentration at 2% molar ratio of total lipids).
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Figure S8. A) Chemical structures of CER, CHOL, lignoceric acid LA. B) Snapshot of
CER/CHOL/LA at equimolar ratio at the end of the simulation at the end of 50 ns simulation.
CER molecules are shown in red, CHOL in blue, LA in grey, and water as light blue layer. C)
Mass density profiles of CER head, tail and solvent. D) RDFs of the selected atoms in CER
and the corresponding water association number function. E) RDFs of the selected atoms in

LA and CHOL, and the corresponding water association number function.
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Table S4. Hydration radius and average water association number for LA and surfactant head

in different model membranes.

Hydration layer of negatively charged group
Hydration radius of

(LOL/LO2)
System name positively charged group
First hydration radius Second hydration (NC3), association
(nm), water association radius (nm), water number
number association number
CERPure 0.24,3.24 0.35, 13.15 --
CERC16HAB 0.24, 3.07 0.35,12.39 0.55, 27.76
CER!'HAB 0.24, 2.96 0.35,11.89 0.54, 26.63
25
20 - _ —o— C16HAB_N@LO

F.ﬁ_ —o—IHAB_N@LO
15 - g
W O
O 3
x &

10 4
s
¢
5 -
0 # T T
0.5 1.0 1.5

0.0 ' r (nm)

Figure S9. RDFs of the positively charged surfactant head -HAB with negatively charged

COO group in LA.
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