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1. Introduction

Molecular mechanism of the skin permeation
enhancing effect of ethanol: a molecular dynamics
study

Rakesh Gupta, ©2*@ Yogesh Badhe, (22 Beena Rai 122 and Samir Mitragotri {°

Ethanol is widely used in various pharmaceutical and cosmetic formulations in order to enhance skin
penetration of active ingredients. While it is well known that ethanol partitions into the skin and
enhances the permeation of both polar and nonpolar molecules, the exact mechanisms by which it
enhances skin permeability are not fully understood. Several mechanisms have been proposed including
lipid extraction from the stratum corneum (SC), fluidisation of SC lipid bilayer, alteration of SC protein
conformation and enhancement of the drug solubility in the SC lipids. In this study, we performed
molecular dynamics (MD) simulations of SC lipid bilayers comprised of an equimolar mixture of
ceramides, cholesterol and free fatty acid in the presence of aqueous mixtures of ethanol. Various
unrestrained MD simulations were performed in the presence of aqueous ethanol solution at molar
ratios (x) ranging from x = 0 to x = 1. It was found that ethanol enhances bilayer permeability by dual
actions (a) extraction of the skin lipids and (b) enhancing the mobility of lipid chains. Ethanol's
permeation enhancing effect arises from its superior ability to form hydrogen bonds with headgroup
atoms of skin lipids. Further, the free energy of extraction of ceramides (CER) and fatty acids (FFA) from
the lipid bilayer was studied using umbrella sampling simulations. The free energy of extraction of CER
was found to be much higher compared to FFA for all ethanol concentrations which shows that CER are
difficult to extract as compared to FFA. Finally, the permeation of benzoic acid drug molecules through
the skin lipid bilayer is shown in presence of ethanol molecules. It was found that ethanol selectively
targets the FFA of the skin lipid bilayer and extracts it out of the lipid bilayer within few microseconds.
Further, ethanol penetrates inside the lipid layer and creates the channels from which drug molecules
can easily cross the lipid layer. Our observations (both in unrestrained and umbrella sampling
simulations) are consistent with the experimental findings reported in the literature. The simulation
methodology could be used for design and testing of permeation enhancers (acting on skin SC lipid
lamella) for topical and transdermal drug delivery applications.

arises primarily from its 15-20 um thick outermost layer, the
stratum corneum (SC), which comprises corneocytes and

The primary challenge in the design of transdermal and topical
formulation is to breach the barrier provided by skin. Most
hydrophilic and macromolecular actives possess low or no
permeability across the skin. The skin's permeation resistance

“Physical Science Research Area, Tata Research Development and Design Centre, TCS
Research, Tata Consultancy Services, 54B, Hadapsar Industrial Estate, Pune - 411013,
India. E-mail: gupta.rakesh2@tcs.com; Fax: +91-20-66086399; Tel: +91-20-66086422
’School of Engineering and Applied Sciences, Wyss Institute, Harvard University, USA
T Electronic supplementary information (ESI) available: S1. Interaction of ethanol
with CER, CHOL, FFA and water at various ethanol concentration. S2. Interaction
of FFA and CER with ethanol and various extraction mechanism. S3. Time
evolution of distance between head and tail group atoms of CER and FFA. S4.
Evolution of density of bilayer constituents along the bilayer normal. S5. Free
energy profile of individual simulations at various ethanol concentrations. S6.
Convergence of free energy profile and umbrella sampling simulations. See
DOI: 10.1039/d0ra01692f

12234 | RSC Adv, 2020, 10, 12234-12248

various types of lipids.* This layer is highly selective and only
small and relatively lipophilic molecules can cross it in appre-
ciable quantities.” The corneocytes and lipid matrix in the SC
are arranged in a brick and mortar-like structure respectively,
where spaces in between the corneocytes are filled with the lipid
matrix.”> The lipid matrix is made up of several types of
ceramides (CER), free fatty acids (FFA) and cholesterol (CHOL).

In order to deliver active ingredients into and across the
skin, the SC barrier has to be overcome. Several permeation
enhancers have been synthesized and tested either on human
or animal skin, and have shown to enhance the permeability of
actives. Permeation enhancers can act via a number of different
mechanisms such as membrane thinning, phase separation
and fluidisation.® Among various permeation enhancers,
ethanol is widely used in cosmetic (hairsprays, mouthwashes)
and medicinal products (hand disinfectants), pharmaceutical
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formulations and many household products.* Skin is directly
exposed to these products and the use of ethanol in these
products has been shown to be safe.>® Ethanol also increases
the permeation of drugs through the skin from topical formu-
lations. For example, estradiol and fentanyl dermal patches
have been developed using ethanol to enhance their trans-
dermal deliveries.”

While it is well known that ethanol partitions into the skin and
enhances the permeation of both polar and nonpolar molecules,
the exact mechanism by which it enhances the permeation is still
not fully explained. Earlier studies led to several proposed mecha-
nisms ranging from lipid extraction from the lipid bilayer
matrix,"*™* fluidisation of the lipid bilayer,'*"” alteration of SC
protein conformation,'"” co-permeation of drug with alcohol (pull
effect)’® and enhancement of the drug solubility in the SC
lipids.**** The relative occurrence of each mechanism depends
highly upon the concentration of the ethanol used in the donor
solution/formulation and on the lipophilicity of drug/actives. The
higher permeation of drug in the presence of ethanol may occur
due to multiple mechanisms. However, recent FTIR spectroscopy
experiments did not detect lipid fluidisation in pure ceramide
layers,* synthetic skin lipid mixtures™ and in actual skin samples.**

In order to capture the exact effect of ethanol on the SC,
molecular level assessment of the interaction of ethanol with
skin SC is needed. In this study, the interaction of ethanol with
skin lipid bilayer model is studied at various concentrations of
aqueous ethanol solution ranging from x = 0 to x = 1 mole
fraction. At first, unrestrained simulations are carried out at
various ethanol concentrations. The structural changes induced
by ethanol in the bilayer structure are discussed. Further, to
strengthen the findings from unrestrained simulations, addi-
tional free energy simulation of extraction of lipids (CER and
FFA) out of lipid bilayer is carried out using umbrella sampling
simulations. The effect of ethanol on skin lipid bilayers is
explained in terms of changes in both structural properties and
free energy of lipid extraction. In the end, permeation of drug
molecules in presence of ethanol is studied via microsecond
time scale unrestrained MD simulation.

2. Methods, model and interaction
parameters
2.1 Unrestrained simulation

The skin lipid bilayer model is adopted from our earlier
studies.”>*¢ The skin lipid bilayer is made-up of various types of
ceramides, which are categorised based on the headgroup
structure.”” The equimolar skin lipid bilayer model, comprising
only CER-NS, has yielded good results in our previous
studies.***?® The lignoceric acid is used to represent the whole
free fatty acid class. Hereafter, lignoceric acid and CER-NS will
be represented as FFA and CER respectively.

The skin lipid bilayers are being modelled either by using
combination of GROMOS* and Berger force field* or by
CHARMM force field.** In this study we have used former one.
In the GROMOS force field, methyl groups of the CER and FFA
tails are treated as a united atom carbon with a zero-net charge.
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The 1J parameters for the methyl group are taken from the
Berger force field.** For studying polar effects, CERs head
groups are expressed in the fully atomistic way and the partial
charges on the molecule are taken from the previous study.”**®
The force field data of CHOL and FFA is taken from previous
simulation study.”®** The ethanol and benzoic acid are
modelled based on GROMOS parameters. Water is simulated
using an SPC model.*

All simulations were performed using GROMACS software.
The equilibrated skin lipid bilayer obtained from an earlier simu-
lation study® was used as a template to generate the initial
configuration of the bilayer system with various ethanol concen-
trations. The number of water and ethanol molecules used for each
system are shown in Table 1. The water molecules were randomly
replaced by respective number of ethanol molecules (based on the
molar ratio) and simulation box size was increased in Z direction
accordingly. The systems were energy minimized using steepest
decent method. For proper solvation of bilayer, each system was
simulated under NVT condition for 5 ns by keeping the lipids fixed.
The restraint on the lipids were removed gradually and simulations
were run for 5 ns in NVT condition. The systems were further
equilibrated in NPT (T = 305 K, P = 1 bar) condition for 20 ns
without restraints. Finally, obtained structures were used for the
1.0 ps NPT production run. In the equilibration move, the
temperature and pressure were controlled using the Berendsen
thermostat and barostat with a time constant of 1 ps and 5 ps
respectively. The pressure was coupled separately in normal and
lateral direction with the isothermal compressibility of 4.5 x 107>
bar '. In the production run, temperature and pressure were
controlled by Nosé*’**~Hoover* thermostat and Parrinello-Rah-
man*’ barostat with a time constant of 2 ps and 5 ps, respectively.
The simulation trajectory was saved after every 50 ps. In each
simulation, electrostatic and van der Waals cut-off was set to
1.2 nm. The Particle Mesh Ewald (PME) sum was used for the
treatment of the long range electrostatic interactions. The neigh-
bour list cut off was set to 1.2 nm and updated every tenth step. All
bonds of the lipids and water were constrained using LINCS*' and
SETTLE algorithm™* respectively.

34-36

2.2 Umbrella sampling simulation

The lipid layer structure equilibrated for 20 ns without restraint
was used as an initial template for umbrella sampling

Table 1 Number of ethanol and water molecules used in various
simulated systems

Mole fraction (x) Number of water Number of ethanol

0.1 4608 512

0.2 4096 1024
0.3 3584 1536
0.4 3072 2048
0.5 2560 2560
0.6 2048 3072
0.8 1024 4096
1.0 0 5120

RSC Adv, 2020, 10, 12234-12248 | 12235


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01692f

Open Access Article. Published on 24 March 2020. Downloaded on 7/21/2025 9:36:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

simulation. The initial configurations were generated by pulling
out either CER or FFA, one from each leaflet. These molecules
were pulled out slowly at a constant speed of 0.02 nm ps™ .
Whenever the distance between the centre of mass of bilayer
and constrained molecule changed by 0.2 nm, that configura-
tion was stored for further simulations. The generated config-
urations (20-25) were then equilibrated for 5 ns followed by 20
ns of production run with given CER or FFA molecule restrained
in Z direction using a harmonic force constant of 1000 k] mol *
nm 2. However, the constrained CER or FFA molecules were
allowed to freely move in the lateral direction. The simulation
trajectories were saved after every 20 ps. The forces were saved
at every 5 steps.

X=0.5
CER, CHOL, FFA, Oxygen atom and Nitrogen atom

X=0.6
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3. Results & discussion
3.1 Unrestrained simulation

As mentioned earlier, researchers have used either CHARMM or
GROMOS force field to simulate the skin lipids.>****>* Here, we
have used GROMOS based force field to capture the effect of
ethanol concentration on skin lipid layer. The number of water
and ethanol molecules for a particular ethanol mole fraction is
given in Table 1. Two replicas of each system were simulated
and average of these two replicas are reported here. The snap-
shots of each system, at the end of simulation run (1 ps), are
shown in Fig. 1. For clarity, water and ethanol molecules are not
shown here, and only lipid molecules are shown. Three

Fig. 1 Effect of ethanol concentration over bilayer structure: the snapshot of each system in the end of 1.0 ps simulation run. The water and
ethanol are not shown here. The CER, CHOL and FFA are shown in orange, green and blue colour respectively. The headgroup atoms of all three
lipids are shown in vdw representation of VMD visualization software.>” At lower or moderate concentration (x < 0.6) ethanol extracts out FFA
selectively, while at higher concentration CER also extracted but in lesser amount.
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different phenomena can be observed based on the concentra-
tion regime. At lower concentration (x < 0.2), the lipid bilayer
remains mostly intact and very few lipids (especially FFAs) are
disturbed by ethanol. At moderate concentrations (0.2 < x < 0.6),
the lipids are significantly disturbed, and many lipids are
extracted from the lipid bilayer. The lipid extraction effects of
ethanol are seen more on FFA compared to CER. Finally, at
higher concentration range (x > 0.6), bilayer starts to change its
shape and formed non-bilayer type structure and significant
amount of lipids are extracted. These lipid extraction observa-
tions are in line with various experimental studies reported
earlier.10,11,13,23
Bommannan et al'® used attenuated total reflectance
infrared spectroscopy to determine the action of ethanol (100%)
on human stratum corneum (in vivo). It was observed that the
intensity and frequency of C-H asymmetric vibrations
decreased after application of ethanol and appreciable amount
of lipids were extracted from the stratum corneum. Merwe
et al.”® exposed the SC to aqueous ethanol ranging from 0% to
100% v/v ethanol and used FTIR to obtain an index of lipid
disorder. It was shown that the ethanol and ethanol/water
mixtures altered the stratum corneum through lipid extrac-
tion, rather than through disruption of lipid order. Kai et al.™
performed experiments on hairless mouse skin in presence of
ethanol and analysed the skin samples using FTIR technique. It
was reported that ethanol-treated skin lost considerable
amount of intercellular lipids. Levang et al'® carried out
experiments on epidermis in presence of ethanol and propylene
glycol and studied the biophysical changes in the SC lipids
using FTIR spectroscopy. It was reported that 80% ethanol/20%
propylene glycol showed a maximum decrease in the absor-
bance of the asymmetric and symmetric C-H peaks, which
resulted due to a greater loss of lipids in the SC layers. Kwak
et al.”® used infrared and deuterium NMR spectroscopy and
calorimetry techniques to investigate the effect of ethanol on
a model membrane composed of lipids representing the three
classes of SC lipids, an equimolar mixture of CER, palmitic acid
and CHOL. It was shown that ethanol perturbed the packing
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and extracted the lipids and the influence was dose dependent.
Ethanol concentrations of up to 10% (v/v) had no significant
effect, but at 30% (v/v) significant changes occurred in the
model membrane. In our simulations, we also observed that the
ethanol extracts the skin lipid and selectively targets the FFA
molecule (Fig. 1).

To see the effect of ethanol on structure of individual lipids,
readers are requested to refer Fig. S1-S8 (see ESIt). At lower
concentrations, ethanol mostly remained near the polar head
group of the lipids. At moderate and high concentrations, it
entered inside the lipid bilayer and carried some of the water
molecules along itself (ESI, Fig. S1-S871). This could explain the
increase in the flux of hydrophilic drugs in the presence of
ethanol, as observed experimentally."”'* We have manually
visualized trajectories of each CER and FFA present in the
system and figured out various events which are shown in ESI
(Section S27). These events are (a) transformation of CER
molecule conformation from V shape to extended form and
back to V shape (Movie S17), (b) translation of FFA from the
lipid bilayer to solvent (ethanol/water) and back to lipid bilayer
(Movie S2t) and (c) translation of CER from the lipid bilayer to
solvent and back to lipid bilayer (Movie S31). The event (a) was
observed only in x > 0.3 systems and frequency of this event
increased with increase in ethanol concentration. The event (b)
was seen even at low concentration x = 0.2 system as well, this
event was more frequent and increased with increase in ethanol
concentration. The event (c) was rare and only seen at higher
concentration of the ethanol (x > 0.6). The CER molecules which
were extracted, irrespective of ethanol concentration, has gone
through the conformational change (V to extended form).
Whereas, no such conformational changes exists for FFA
molecule. Also, many of the CER molecules had translated back
to the V shape configuration and these events (a) are more
frequent. This could also explain why it is difficult to pull out
CER molecule from the lipid bilayer as compared to the FFA
molecule.

To gain more insight on mentioned events and to represent
them quantitatively, we have analysed the time evolution of the
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Fig.2 Number of lipids came out of the lipid bilayer (a) FFA and (b) CER with simulation time and (c) total number of lipids extracted from the lipid
bilayer at various ethanol concentration. Here, number of lipids outside the bilayer and number of lipids extracted are calculated based on various

patterns and events shown in Fig. S9 and Section S2 (please see ESIt).
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distance between the headgroup and tail group atoms of each
CER and FFA in each system (Fig. S9). Based on these patterns
various events are recognized and discussed in the Section S3 of
the ESI.f Two quantities (i) number of lipids which came out of
the lipid bilayer and (ii) total number of extracted lipids were
calculated which are shown in Fig. 2. In the former one all the
events are included whereas in latter one events where lipids
were extracted and reached in the bulk are considered.

As it can be seen from Fig. 2a and b, at concentration below
x < 0.6 the lipids which are coming out of the bilayer have
increased slowly with time, whereas at higher concentration
these number increased significantly within 0.2 ps time
interval. These could be due to severe disruption of bilayer
caused by ethanol at higher concentration as shown in Fig. 1, S7
and S8.f The total number of CER extracted by ethanol are
much lower as compared to FFA as shown in Fig. 2c. Significant
amount of FFA extracted even at lower concentration (x = 0.2) of
the ethanol, whereas ceramides were not.

As shown in Fig. 1 and S1-S8, ethanol changes the bilayer
structure significantly. The structural properties such as order
parameter and density distribution are calculated. The density
of CER, FFA, ethanol and water along the bilayer normal are
calculated in the time interval of 0.2 us and are plotted in
Fig. S101 (x = 0.1 to 0.4) and Fig. S117 (x = 0.5 to 1.0). These
profiles depict the shape and size (thickness) of the bilayer. A
reduction in the peak of the lipid profile without changing the
shape infer that some of the lipids have come out of the bilayer
but their amount is so less that they had not affected the bilayer
structure. A shape change in the density profile depicts the
deformation in the bilayer structure. For example, at x = 0.1,
each of the constituent profile did not change with time as no
lipids were extracted (Fig. 1 and 2). At higher concentration, x =
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0.8 and 1.0, the density profile shape changed significantly as
many of the lipids were extracted (Fig. 2) and severe deforma-
tion of bilayer happened as can be seen from Fig. 1, S7 and S8.7

The density profiles of the ethanol, water, CER and FFA
along the bilayer normal calculated in the last 0.2 ps of
simulation time are shown in Fig. 3. At concentrations above
x > 0.1, ethanol penetrated in the lipid interior as peaks are
observed in the density profile at the center of the bilayer.
Ethanol also moved some water molecules along with itself
inside the bilayer (Fig. S2-S8, ESIt). The amount of water
penetrated inside the lipid layer is however less as compared

17:18 it was

to ethanol. In some of the experimental studies
reported that ethanol had increased the flux of hydrophilic
drugs. The above observations of taking water molecules
inside the bilayer interior could explain these experimental
results. Thind et al.** performed MD simulation of CER
bilayer in presence of ethanol at various concentration and
reported that water permeable defects were generated at
higher ethanol concentration. Same researchers also re-
ported the extraction of lipids from the CER lipid bilayer at
very high concentration of ethanol. The peaks of the CER and
FFA profiles decreased with increase in ethanol concentra-
tion as lipids were extracted out. The effect of ethanol
concentration was more on FFA and compared to CER as can
be seen from the density profile. At higher concentration, x -
0.8 and 1.0, almost whole free fatty acid came out of the lipid
bilayer whereas CER still had maintained the shape of the
bilayer with the help of cholesterol. The cholesterol extrac-
tion was not seen in any of the simulated systems (Fig. S1-
S8T).

The second rank order parameter for the bilayer, which has
normal in z direction, is defined as follows:

q0 5 0 5 1015
d (nm)
X=0.8 =——=X=1.0

0
-15

Fig. 3 Density of (a) ethanol, (b) water, (c) FFA and (d) CER and along the bilayer normal calculated in last 0.2 ps run.
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Fig. 4 Order parameter of CER (a), (d) sphingo chain, (b), (e) fatty acid chain (c), (f) FFA chain. The order parameters are calculated in last 0.2 ps
run of simulation. (a), (b) and (c) are calculated for all lipids. (d), (e) and (f) are calculated for lipids which remained inside the lipid bilayer.

Sz = %(3cos20—1) (1)
where ¢ is the angle between the vector connecting C,_; and
Cy+1 united atom carbon of lipid (CER and FFA) chain and the
bilayer normal, when Sz is calculated for C,. Sz = 1 means
perfect alignment with the bilayer normal, Sz = —0.5 anti-
alignment, and Sz = 0 random orientation of the lipid chains.

The order parameter of CER and FFA chains are shown in
Fig. 4. We have calculated order parameters for two cases, in
first case (a, b and c) all the lipids were taken into consideration
and in second case (d, e, and f) only lipids which remained
inside the lipid bilayer were considered. The order parameter is
changed by two events, one - extraction of lipid component and
other — permeation of ethanol in the lipid interior. The former
one can be captured in first case and later one in second case.
The order parameter (first case) for CER sphingo and fatty acid
chain and FFA chain decreased with increase in the concen-
tration of the ethanol. A lipid which would come out of the lipid
bilayer would not have any order and it will reduce the overall
order parameter, which can be seen in Fig. 4a—c. One thing to
note that, the order parameter for FFA chain decreased rapidly
as compared to CER chains, as more number of FFA's were
extracted even at lower concentration of the ethanol (Fig. 2). For
any given concentration, the order parameter for FFA chain was
lower compared to CER chains. This again implies that ethanol
selectively targets the FFA molecules.

The order parameter of CER chains and FFA chain for second
case are plotted in Fig. 4d-f. It is interesting to note that the

This journal is © The Royal Society of Chemistry 2020

order parameter, irrespective of lipid type or ethanol concen-
tration, is higher in second case as compared to respective order
parameter in second case. It shows that although some lipids
have been extracted but remaining lipids are still arranged in
bilayer form. The order parameter (second case) also decreased
with increase in ethanol concentration. Up to ethanol concen-
tration (x = 0.6), CER chains and FFA chain were arranged in
some order respect to bilayer normal, above that concentration
no order can be seen from the profile. Hence, at higher
concentration ethanol not only extracting the lipids out of the
bilayer but also fluidising the bilayer interior as well.

Ethanol affects the skin lipid bilayer packing due to its
polarity and ability to make hydrogen bonds with the head
group. The CHOL (due to its small head group) cannot form
hydrogen bonds with ethanol while both CER and FFA effi-
ciently form hydrogen bonds. At moderate concentrations,
ethanol only disturbs CER and FFA, while CHOL packing is not
changed (ESI, Fig. S1-S8%). The hydrogen bonds formed
between CER, FFA and solvents (ethanol and water) are shown
in Fig. 5. The hydrogen bond is defined based on the geometric
criteria. The bond forms if the donor-acceptor distance is less
than 0.35 nm or if donor-acceptor-hydrogen angle is less than
60°. The presence of the -OH group and amide group facilitates
CER to act as hydrogen bond donor and acceptor. The number
of hydrogen bonds between CER-CER remain constant irre-
spective of the ethanol concentration. The important factor
which determines the packing disruption of the bilayer is the
hydrogen bonding within solvents and within lipids (CER and
FFA). If hydrogen bonding is higher within the lipids compared

RSC Adv, 2020, 10, 12234-12248 | 12239
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Fig. 5 Number of hydrogen bonds formed between lipids and
solvents (water & ethanol) calculated in last 0.2 ps simulation run.

to lipid-solvent, they would be tightly packed. Whereas if the
solvent-lipid hydrogen bonding is more than lipid-lipid and
solvent-solvent hydrogen bonding, the solvent will try to change
the packing of the lipid bilayer in order to make hydrogen bond
with lipid head group. The hydrogen bonding between lipids
(CER and FFA) and ethanol increases with ethanol concentra-
tion. It implies that ethanol seeks to bond with both CER and
FFA and try to take them out of lipid bilayer. The ample number
of CER-CER hydrogen bonds keep them tightly packed in the
interior while FFA due to their weaker hydrogen bonding are
taken away by the ethanol. Experimentally, Guillard et al.** re-
ported the effect of ethanol on various model CER lamellar
films using FTIR. It was shown that ethanol forms hydrogen
bond with CERs and changes the headgroup orientation. The
effect of ethanol on the CER film was found to be highly
structure dependent. The skin model used in this study only
comprises of CER-NS, while presence of other polar CERs (such
as AP, NP etc.) may change the hydrogen bonding capability
between CERs and ethanol and subsequently the packing.
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In summary, the ethanol has selectively targeted the FFA at
lower concentration, whereas at higher concentration both CER
and FFA were extracted. The amount of extraction of FFA was
much higher as compared to CER. Further to confirm these
findings, free energy of extraction of lipids (CER and FFA) from
the intact lipid bilayer and deformed lipid bilayer is calculated
at various ethanol concentrations using umbrella sampling
simulations and are discussed in further section.

3.2 Free energy/potential of mean force of lipid extraction

Earlier experimental studies'® and unrestrained simulations
have shown that ethanol extracts the lipids from the skin at
moderate and high concentrations. To gain more insight we
further studied the energetics of lipid extraction from the skin
lipid bilayers (both intact and deformed). In order to get
a quantitative measure of free energy of extraction, umbrella
sampling simulations were carried out at concentrations of x =
0, 0.2, 0.5, 0.8 and 1.0. The procedure to generate initial
configuration for the umbrella sampling has been given in
method section. The PMF was generated using the weighted
histogram analysis method (WHAM),* implemented as gmx
wham tool in the GROMACS.

The potential of mean force (PMF) for extracting a CER and
FFA out of ordered lipid bilayer were calculated. In this method,
molecules were constrained along the bilayer normal using
a harmonic potential. The bilayer interior is highly inhomoge-
neous in terms of local structure and system is in a gel phase,
thus making it very complex to sample the whole phase space of
the bilayer interior properly. Hence, we constrained two mole-
cules at a time in each of the bilayer leaflet at various z location
as shown in Fig. 6a. For a given concentration, a total of 4
different initial XY positions of constrained molecules were
used. This makes total 8 separate simulations (2 molecules x 4
positions) for a given concentration. The averages of these 8
simulations are reported here. The free energy in the interior of

delG(kJ/mol)
S
(=}

[S—

0 02 0.4;(‘ 06 0.8

Fig. 6 Free energy of extraction of CER and FFA from skin lipid bilayer: (a) snapshot of system in the end of the constrained simulation at three
different z positions from the center of the bilayer. In each window, two molecules (either CER or FFA) are restrained. Here constrained CER
molecules are shown in vdw mode of VMD software.” The CER, CHOL and FFA are shown in orange, green and blue color respectively. (b) Free
energy profiles of CER and FFA extraction from the skin lipid bilayer at various ethanol concentrations. The averages of four separate simulations

are reported here.
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the bilayer is set at 0. The free energy profiles of CER and FFA
extraction from the intact lipid layer at various ethanol
concentration are shown in Fig. S12 and S13 (see ESIt).

The free energy profile shows that external work must be
done in order to take out either CER or FFA from the bilayer
interior to the surrounding water layer. These simulations were
run for 20 ns production run in each window and since each
system was in gel phase, so it became necessary to check the
convergence of free energy profile and sufficient overlap of
histogram in umbrella sampling windows. The overlap of
histograms in various cases are shown in Fig. S14 and S15 (see
ESIt). The convergence of the free energy profiles in various
cases is also shown in Fig. S16 (see ESIt). The free energy of
extraction is defined as the difference in the PMF value in the
bulk to that in the bilayer interior. The free energies of
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extraction of individual CER and FFA molecules from the
skin lipid bilayer in presence of ethanol are plotted in Fig. 6b. At
x = 0, the energy barrier for both FFA and CER are more than
110 kJ mol ™" (~43.36 RT). Hence, none of the CER and FFA can
exit the bilayer. At x = 0.2, the barrier is reduced compared to
that at x = 0, but still more than 75 k] mol " (~29.6 RT), which
again is difficult to breach at simulation temperatures. At
concentrations higher than 0.2, the barrier decreases and
reduces to 48 k] mol " (~18.66 RT) and 60 k] mol * (~23.74 RT)
for FFA and CER respectively. At higher concentration x = 0.8
and 1.0, it reduces to 35-45 k] mol " (~13.45 to 17.81 RT) for
both CER and FFA, and at this point FFA is more prone to be
extracted from the skin lipid bilayer as compared to CER. One
thing has to be noted, the free energies are still very high as
compared to the thermal energy (RT) because the CER and FFA
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c)
100
g 75
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=
o S50F .
© L
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=— Config 2
=45
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Fig. 7 Effect of local environment on free energy of extraction: (a) snapshots (both top view and side view) of two configurations (Config 1 and
Config 2) are shown where in first one constrained CER is surrounded by other CER molecules whereas in second one constrained CER is
surrounded by FFA and CHOL molecules. (b) Snapshots (both top view and side view) of two configurations (Config 1 and Config 2) are shown
where in first one constrained FFA is surrounded by other CER molecules whereas in second one constrained FFA is surrounded by FFA and
CHOL molecules. The free energy of extraction of (c) CER and (d) FFA in both configurations. The constrained CER molecule is shown in vdw
representation. The CER, CHOL and FFA are shown in red, green and blue colour respectively.
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were pulled from the intact/compact bilayer (initial configura-
tion generated from the bilayer which is equilibrated for 20 ns).
Based only on energetic obtained from the intact bilayer, it
cannot be claimed that the lipid extraction could be possible,
however, it can be concluded that the FFA is easy to pull out of
the skin lipid bilayer as compared to the CER, which is also
observed in experiments and unrestrained simulations (Fig. 1).
In unrestrained simulations, the lipid extraction was observed
after 0.2 ps of simulation run, whereas in restrained simula-
tions the intact bilayer is used, where re-orientation of ethanol
near the headgroup has not happened on the given time scale of
simulation run.

Another point worth noting is that the bilayer environment is
heterogeneous, and the obtained PMF profiles (in terms of
magnitude) in each of 8 simulations are different as shown in
Fig. S12 and S13.} In four cases (2 each for CER and FFA) local
environment of the constrained CER and FFA and their corre-
sponding free energy profiles are shown in Fig. 7. It is inter-
esting to note that when either of the constrained CER or FFA
are in the vicinity of other ceramides, the free energy of
extraction is much higher as compared to those in the vicinity of

fw—:,f“’/’,
SEa s
L
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FFA or CHOL. It implies that CER's capability of making
hydrogen bonds with neighbour CER and FFA affects the free
energy of extraction. A more penalty has to be given in order to
extract a lipid situated in the close vicinity of CER as compared
to FFA.

As discussed above, the free energies of extraction from the
intact bilayer are higher as compared to room temperature
molecular energy (RT), indicating that lipids cannot be extrac-
ted, however lipids were seen to be extracted in unrestrained
simulation. The main reason for obtaining such high free
energy could be the re-orientation of ethanol molecules (around
the lipid head group atoms) did not happen within the time
scale of constrained simulations. To get more insight, con-
strained simulation of a deformed bilayer (taken from the
unrestrained simulation at x = 0.6) is performed. The systems
are generated using the methodology discussed in Section 3.2.
The final structure of the systems and corresponding free
energy profiles are shown in Fig. 9. In total 8 simulations were
performed for each CER and FFA extraction as shown in Fig. 8a
and b. As observed earlier, the free energy of extraction of CER
and FFA varied with the position as shown in Fig. 8c and

dG (kJ/mol)

40
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Fig. 8 Free energy of extraction of CER and FFA from deformed skin lipid bilayer: snapshot of system in the end of the constrained simulation at
three different z positions from the center of the bilayer. In each window, two molecules either (a) CER or (b) are constrained. Here constrained
CER and FFA molecules are shown in vdw mode of VMD software.®” The CER, CHOL and FFA are shown in orange, green and blue colour
respectively. Free energy profiles of (c) CER and (d) FFA extraction from the deformed skin lipid bilayer.
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d respectively. The free energy of extraction of CER and FFA
from the deformed bilayer was 39.25 4+ 7.06 k] mol™' and
25.16 + 5.62 kJ mol " respectively, which is less compared to
free energy obtained from the intact bilayer. It implies that,
lipid extraction becomes easy as the ethanol concentration
increases as deformation in the bilayer increases.

For any given concentration, free energy of extraction either
from an intact or deformed bilayer is higher for CER as
compared to FFA, thus implying that CERs are more difficult to
extract as compared to FFA, which is consistent with reported
experiments.'>** Merwe et al."® carried out experiments on SC in
presence of aqueous ethanol ranging from 0% to 100% v/v
ethanol and studied lipid compositions using Fourier trans-
form infrared spectroscopy (FTIR). Ethanol extracted the lipids,
mostly FFA, as confirmed by lowered intensity of infrared
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absorption in the 1740 em™ " range (associated with ~-COOH
group). Similarly, Kwak et al.>® reported extraction of lipids out
of mixed model bilayer system of CER, CHOL and palmitic acid
in presence of ethanol at various concentration. Based on NMR
profile it was concluded that the presence of ethanol affects
palmitic acid most significantly while CER is affected to a lesser
extent. At higher concentration regime (0.6 < x < 1.0) the change
in the free energy of permeation is not significant. It implies
that both CER and FFA can be extracted, although the amount
of extraction may be different.

3.3 Permeation of drug molecule in presence of ethanol

So far, we have shown from both unrestrained and constrained
simulations that ethanol extracts the lipid from skin lipid layer
and enhance the skin permeation. In this section, we discuss

Fig. 9 Effect of ethanol on drug permeation: the snapshots of time evolution of skin lipid bilayer system in presence of ethanol (x = 0.6). The
CER, CHOL, FFA, ethanol and water are shown in orange, green and blue, magenta and cyan color respectively. The headgroup atoms of all three

lipids are shown in vdw representation of VMD visualization software.®”
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how drug molecules permeate in presence of ethanol molecules
across the skin lipid layer. The ethanol concentration of x = 0.6
was chosen for this case. The benzoic acid was chosen as a drug
molecule. In total, 8 drug molecules in the top solvent layer was
inserted randomly. This system was energy minimized and
subjected to NVT and NPT run as mentioned in method section
of the manuscript. The simulation was run for 1 ps for this case.
The snapshots of simulated system at various time steps are
shown in Fig. 9. The lipid layer and solvent layer are shown
separately and side by side for clarity. The ethanol molecule first
re-oriented themselves near to the headgroup of lipid layer, and
extracted the FFA selectively with in first 0.3 us of simulation
run. Once the FFAs were extracted, ethanol started penetrating
inside the skin lipid layer and created a channel. The drug
molecules penetrated inside the lipid bilayer through the
channel. After 0.5 ps simulation run, some of CER molecules
were also extracted. The phenomena of increase of drug
permeation in the presence of ethanol are in line with several
experimental studies.

Goates et al.*® carried out experiments on mannitol perme-
ation through human epidermis in the presence of 75% (v/v)
alcohol-saline mixtures. The permeability of mannitol
increased with increase in ethanol concentration and based on
FTIR spectra it was concluded that permeation increased due to
extraction of the lipids from the skin SC in presence of ethanol.
Krishnaiah et al.'* carried out permeation experiments of
nimodipine through rat skin using ethanol-water as solvent.
FTIR studies showed that ethanol solution increased the
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transdermal permeability of nimodipine across the rat
abdominal skin by partial extraction of lipids in the stratum
corneum. Manabe et al.’” carried out drug permeation experi-
ments in the presence of ethanol-water solvent at different
concentration range (0-100%). It was reported that at lower
ethanol concentration (<60%), the lipids are extracted and the
mobility of lipid chain increased which resulted in higher flux
of the drugs. While, at higher concentration (>80%), other than
extracting lipids, ethanol denatured the SC protein, which
created larger pores and resulted in higher drug permeation
irrespective of drug polarity. In our simulations, we also
observed a drastic effect of ethanol at higher concentrations
where it has distorted the bilayer structure (Fig. 2 and 7). Kim
et al'™ performed simultaneous rat skin permeation of
dideoxynucleoside-type anti-HIV drugs in presence of various
volume fractions of ethanol aqueous solution. It was shown that
the flux of the drug increased with increase in ethanol
concentration up to 80% ethanol volume fraction. Sakdiset
et al.*® carried out permeation experiments of caffeine through
skin in presence of various concentrations of ethanol aqueous
solution. The enhancement ratio of caffeine flux increased ~4
times with ethanol concentration of x = 0.1 to x = 0.7. After x =
0.7, the enhancement did not change significantly. In our
simulations also we have observed that at concentration of x =
0.8 and x = 1.0, bilayer has almost disrupted (Fig. 1), and both
the cases shows fully disordered bilayer structure (Fig. 4). Pan-
chagnula et al.'® carried out permeation of drug naloxone
through rat skin at various concentration of ethanol in presence
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Fig. 10 Drug permeation across skin lipid bilayer in presence of ethanol: the time evolution of density profile of skin lipids, ethanol, water and
benzoic acid along the bilayer normal. The density is calculated along the bilayer normal in three different time interval of simulation run.
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of water and ethylene glycol. It was shown that the flux of the
drug increased with increase in ethanol concentration in water
up to 66%.

The extraction and permeation of skin lipids and ethanol are
quantified in terms of their density profiles calculated in three
different simulation time intervals. The density profiles of each
of the constituents of the simulated system are shown in Fig. 10.
The peak position and intensity are changed with time due to
extraction of the lipid, which led to change in the thickness of
the lipid layer. In skin lipids, the FFA density reduced signifi-
cantly as compared to CER and CHOL. The CHOL peak posi-
tions changed slightly, but their peaks intensity was not
changed, as they were not being extracted. It is also clear from
the density profile that, at first skin lipids (specifically FFA) were
extracted and after that ethanol permeated inside the lipid
bilayer taking few of water molecules along with them. Finally
drug molecules pass through the channels created by ethanol
molecules inside the lipid layer.

Our observation such as interaction of ethanol with head-
group of CER and FFA and making hydrogen bonds with them
at lower concentration and creating defects inside the lipid layer
at higher concentration are also in line with some of simulation
studies on phospholipid bilayer in presence of ethanol. Chanda
and Bandyopadhyay* reported that at a low concentration
(12.5 mol%), ethanol sits near the headgroup interface. Patra
et al.*® reported that ethanol forms hydrogen bonds with
phospholipids and decreases the ordering of the hydrocarbon
chains. Gurtovenko et al.*® reported that at lower concentration
(<26%), ethanol induces small changes in the bilayer structure
but at higher concentration (~58%) it makes pores inside the
bilayer and induces formation of non-bilayer structure. In our
simulation, we have not observed non-bilayer domain forma-
tion at such ethanol concentration (x = 0.6) likely due to the
differences in the phases of the bilayer in these two simulations.
Specifically, the phospholipid bilayers in simulation of Gurto-
venko et al.*® were in fluid phase whereas those in our simula-
tions were in a gel phase. Another reason could be the presence
of CHOL is the lipid layer which reduces the likelihood of
forming of non-bilayer domains (Fig. S5-S81). CHOL renders
rigidity to the lipid layer which has been shown in earlier
simulation studies.”®**

Based on unrestrained simulations, we can conclude that at
concentration (x < 0.2), the lipid extraction is highly unlikely, at
moderate concentration (0.2 < x < 0.6), extraction is feasible for
FFA and at higher concentration (x > 0.6), both FFA and CER can
be extracted from the SC lipids. The constrained simulations of
both intact and deformed bilayer shows that for any given
concentration of ethanol, the free energy of extraction of FFA is
much lower as compared to CER. Hence, unrestrained and
umbrella sampling simulations confirm that ethanol extracts
the lipids from the skin SC layer and amount of lipid extraction
depends upon the concentration of the ethanol and most
importantly FFA are being target more by ethanol as compared
to CER. The drug molecules penetrates inside the lipid layer
through the channels created by the ethanol molecules after
extracting the lipid from the skin lipid bilayers. In summary,
ethanol interacts with skin lipids in a concentration-dependent

This journal is © The Royal Society of Chemistry 2020
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manner. At lower concentrations, it interacts only with the
headgroup and leads to lipid extraction. At higher concentra-
tions, it not only extracts the lipids, but also uses the created
vacancy and permeation inside the skin lipids layer for trans-
port of water and increases the chain mobility. The drug
permeation generally happens through the channels created by
the ethanol inside the lipid layer.

4. Conclusion

In this study, we provide the mechanistic basis for the perme-
ation enhancing mechanism of ethanol on skin lipid bilayer. A
realistic skin lipid bilayer model comprising of CER, CHOL and
FFA is used and results show that the ethanol selectively extracts
out the FFA molecule out of lipid bilayer. The lipid extraction
was found to be controlled by a trade-off between inter and intra
molecule hydrogen bonding capabilities of lipids (CER & FFA)
and solvents (ethanol and water). Ethanol changes the bilayer
structure or permeability through two mechanisms, first by
interaction and extraction of lipids and second by permeating
inside the interior of the bilayer and increasing lipid chains
movements. Quantification of lipid extraction capabilities of
ethanol is carried out by calculating free energies of perme-
ation. It was found that FFA has a lower free energy of extraction
as compared to CER, and similar observations are made in
unconstrained simulation as well. The co-delivery mechanism
of drug permeation in the presence of ethanol is also discussed.
The ethanol first extracts the skin lipid, and then penetrate
inside the lipid layer by creating the channels which facilitate
the permeation of the drug molecules.

Overall, our study shows that ethanol extracts the lipids from
lipid bilayer due to competition between inter and intra-atomic
hydrogen bonding between lipids (CER-CER, CER-FFA and
FFA-FFA) and solvents (ethanol and water). The unrestrained
simulations have confirmed that lipid extraction is the mecha-
nism by which ethanol perturbs the skin barrier function. The
umbrella sampling simulations confirmed that FFA are more
prone to be extracted as compared to CER.

Our simulations have shown concurrence with various
experimentally observed phenomena. However, our studies
have uncovered certain questions that need to be further
explored. The model used here is a comprehensive model with
three classes of lipids, however, representing the entire CERs
family with one CER-NS is somewhat of a simplification. Also,
the effect of fatty acid chain length of both FFA and CER have
not been taken into account. Earlier studies have shown
significant effects of CER type and FFA chain length on skin
permeation properties.”’***® As seen in simulations, ethanol
interacts with headgroup atoms of skin lipids and makes
hydrogen bonds with them, i.e., it reduces hydrogen bonding
capabilities of lipid headgroup with each other and reduces the
barrier function of skin SC. The skin SC possesses various types
of ceramides and ethanol interacts with each one very differ-
ently due to their headgroup structure (number and position of
—-OH groups).?” Thus, a skin model with various CERs and FFAs
along with their analogues of different chain length should be
used to arrive at conclusive mechanisms. In spite of these
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limitation, our model was able to predict various experimentally
observed phenomena. The model and methodology further
could be used to design or test the active molecules which are
used as permeation enhancers in various drug and cosmetic
formulations.
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