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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Behavior of 5-FU in DMPC/cholesterol
membrane was investigated by MD
simulations.

 The free energy barriers for transloca-
tion of 5-FU were determined by PMF
method.

» The 5-FU molecules were accumulated
in the vicinity of hydrophilic part of bi-
layers.

e The minimum and maximum of bar-
riers were independent of cholesterol
concentration.

e The 5-FU translocation barrier en-
hanced with increasing membrane cho-
lesterol.
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In this work, molecular dynamics (MD) simulations were performed to investigate the effects of cholesterol on
the interaction between the hydrophilic anticancer drug, 5-FU, and fully hydrated 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) bilayer. Several structural and dynamical parameters of DMPC bilayers with varying
amounts of cholesterol (0, 25, and 50 mol%) in the presence and absence of drug molecules were calculated.
Moreover, the free energy barriers for translocation of one 5-FU molecule from water to the lipid bilayer were
determined by using the potential of mean force (PMF). PMF studies indicated that the location of the maximum
free energy barrier was in the hydrophobic middle region of bilayer, while the minimums of the barrier were lo-
cated at the hydrophilic part of bilayer at the interface with water. The minimum and maximum of the free en-
ergy profiles were independent of cholesterol concentration and suggested that the drug molecules 5-FU were
accumulated in the vicinity of the polar head group of lipid bilayers. Moreover, the results showed that with in-
creasing cholesterol concentration in the bilayer, the free energy barrier for translocation of 5-FU across the bilay-
er also increases which can be attributed to the condensing effect of the cholesterol on the bilayer.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

properties [1-3]. Cholesterol is made up of a semi-rigid hydrophobic
steroid ring, a polar hydroxyl group, and a short flexible hydrocarbon

Cholesterol is one of the most common lipid species which heteroge-
neously is distributed in a concentration range from 20 to 50 mol%
among cellular membranes and modulates their physicochemical
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chain [3,4]. The molecular interactions between the cholesterol and
phospholipids and sphingolipid bilayers can greatly affect the structural
stability, fluidity and permeability of a membrane [3-6]. Numerous
experimental and computational studies over the past several decades
have been carried out to investigate the effects of cholesterol on
the properties of lipids such as their structure, dynamics and their
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molecular interactions within the membranes [7-12]. These studies in-
dicated that cholesterol interacts favorably with the saturated lipids
compared to the unsaturated lipids and therefore the effects of choles-
terol on the saturated lipids are more evident [3,13,14]. In the absence
of cholesterol in lipid bilayers two phases can exist [15]: the phase
which exists in the lower temperature than the transition temperature
is called the gel or solid-ordered phase and the phase which exists in the
upper temperatures than the transition temperature is called liquid-
crystalline or liquid-disordered phase. Increasing the amount of choles-
terol in the lipid bilayers produces an additional phase besides these
two phases which is called the liquid-ordered phase [5,15,16]. In this
phase the lipids are translationally disordered and conformationally or-
dered [14]. The rigid sterol rings of cholesterol, as were observed by cal-
orimetry [16], NMR spectroscopy [17] and X-ray diffraction [18] cause
the ordering and condensing of the lipid bilayer in the liquid-ordered
phase. As a result of ordering effect by cholesterol, the lipids exhibit a
higher directional order in the hydrophobic chain and a reduction in
their fluidity [1,3]. The cholesterol condensing effect reduces the surface
area of a cholesterol-containing lipid bilayer to less than the sum of
areas of the individual bilayer components [19]. The high degree of ori-
entation order and packing density of the lipid bilayers in the liquid-
ordered phase increase the mechanical strength of the membrane and
decrease its lateral motion [3].

Molecular dynamics (MD) simulations have proven to be extremely
useful in the study of cholesterol-containing lipid bilayers by employing
all atom, united atom and coarse-grained molecular models [20-23].
The MD simulation can be beneficial as a supplementary of the
experimental results to provide knowledge for interpretation of the in-
teractions at molecular-level for the studied system. The MD simula-
tions are particularly utilized to study the distribution, orientation,
partitioning and permeation of various drugs across the lipid bilayer
membranes [24-26]. Several articles have been published over the
past decade for investigating the effect of type, composition and other
physicochemical properties of the lipid and drug on the membrane
properties [26-30]. These articles have been focused on exploring the
precise location of the drug molecules inside the membrane and how
it alters the structures of the membrane, in addition to investigating
the free energy and diffusion variations of the drug and its dependence
on the membrane characteristics and how the local resistance of the
membrane affects the drug penetration. Despite enormous growth in
the number of works on MD simulations of lipid bilayer/drug systems,
the studies on the partitioning of drugs in various types of lipid bilayers
containing cholesterol are rather scant. Most studies in this area are
concerned with simulation of small solutes without drug applications
[1,31,32] or for a limited number of drugs and lipid bilayer containing
cholesterol [14,33]. Therefore, considering the important role of choles-
terol in biological membranes and liposomal drug delivery systems, MD
simulations can be used as an effective tool to understand the behavior
of various drugs in the lipids/cholesterol systems at a molecular level.

5-Fluorouracil (5-FU, 5-fluoro-2,4-pyrimidinedione, Efudex®) is one
of the most widely prescribed drug in cancer treatment of several types
including colon, stomach, breast, and skin cancers [34,35]. This drug is
water soluble and is known as an antimetabolite of the pyrimidine ana-
log type [35,36]. It exerts its anticancer effect through inhibiting the nor-
mal production of the pyrimidine thymidine, which is a nucleoside
required for RNA and DNA replication [37,38].

The aim of this work is to use molecular dynamics (MD) simulations
to study the interaction of 5-FU as a hydrophilic drug with the
dimyristoylphosphatidylcholine (DMPC)/cholesterol mixed mem-
branes. The effects of wide range concentration of cholesterol in the
presence of 5-FU on DMPC bilayer in three phases including liquid-
ordered, liquid-disordered and the coexistence phases were deter-
mined by calculating various structural properties of the bilayers such
as the area per lipid, deuterium order parameters and density distribu-
tions. Moreover, to study the permeation of a 5-FU molecule from water
to the interior of a lipid bilayer, by using umbrella sampling method, the

potential of mean forces (PMF) was computed. The PMF provides valu-
able information about the preferred location of the drug molecule in
the bilayer and the main energy barriers in translocation of the drug,
across the membrane, with different cholesterol concentrations. The re-
sults of this work can be used to understand the therapeutic properties
of the 5-FU drug as a common anticancer and exploring the role of cho-
lesterol in the liposomal drug delivery systems of this drug, as well as its
penetration and retention into the cellular membranes.

2. Simulation methods

Molecular dynamics (MD) simulations were performed using the
GROMACS v5.0.4 software package [39-41] on hydrated DMPC/choles-
terol mixtures with 0%, 25% and 50% cholesterol (Chol) concentrations.
The bilayers containing 0, 25 and 50 mol% cholesterol are in the liquid-
disordered, the coexistence of liquid-ordered and liquid-disordered,
and the liquid-ordered phases, respectively [42,43]. The pure lipid bilay-
er consists of 128 DMPC lipids which 64 lipids were arranged in each
leaflet. For the creation of the bilayer with 25% cholesterol, 32 DMPC
lipids in each leaflet were randomly selected and replaced with the cho-
lesterol molecule. In the bilayer with 50 mol% cholesterol where the
concentration of cholesterol was high, to prevent cholesterol clustering
the 64 DMPC lipids in each leaflet were sequentially selected and re-
placed with the cholesterol molecule. In both bilayers the substitution
was performed for the location of cholesterol hydroxyl groups at ap-
proximately the same distance from the bilayer center as the ester car-
bonyl groups of the DMPC were located. The initial simulated position of
molecules in the bilayers with 25 and 50 mol% cholesterols is shown in
Fig. 1. This figure indicates that there is no or few cholesterol clustering
in the bilayers which is consistent with the results obtained by the study
of Dai et al. [44] who showed that cholesterol clusters in phosphatidyl-
choline (PC) bilayers are very unstable and readily disperse into choles-
terol monomers. Moreover they stated that the cholesterols have no
tendency to forming clusters in lipid bilayers with regard to unfavorable
cholesterol-cholesterol interaction [44]. In addition, each of these sys-
tems also contained 4 neutral 5-FU molecules and an appropriate
amount of water molecules have been added using tools included in
the GROMACS package. The number of water and lipid molecules in
the simulation systems is shown in Table 1. The Berger et al. [45] force
field parameters were used for the phospholipid molecules and the
force field parameters for the cholesterol were based on the work
of Holtje et al. [46]. For water molecules, the simple point charge
(SPC) [47] model was applied. The topology files for the neutral form
of 5-FU molecule with the interaction parameters corresponding
to the GROMOS 43A1 force field were obtained from the PRODRG
server [48]. The atomic charges for the drug molecule (5-FU) were
recalculated at the Hartree-Fock 6-31G* level by using Spartan soft-
ware (Wavefunction, Irvine, CA). The structures of DMPC, cholesterol
and 5-FU are depicted in Fig. 2.

To eliminate any bad contacts between the atoms, all initial struc-
tures went through energy minimization using the steepest descent al-
gorithm. Then, after equilibrating the system at constant volume in a
NVT ensemble, a simulation at constant pressure (P = 1 bar) and tem-
perature (T = 323 K) was performed. Upon completion of the two
equilibration phases, for data collection a 40 ns MD simulation was per-
formed with three-dimensional periodic boundary conditions in the
NPT ensemble for each system. First 20 ns of simulation time was per-
formed for bilayer equilibration and the second 20 ns was performed
after adding drug molecules to the systems. The temperature was set
to 323 K, using the Nose-Hoover thermostat scheme [49] with a coupling
time constant of 0.5 ps. The system pressure is regulated by means of the
Parrinello-Rahman barostat [50] with a coupling time constant of 1.0 ps.
All bonds in the system were constrained by using the LINCS algo-
rithm [51], to make it possible to use a longer time step. It is reported
that at a time step up to 4 fs the LINCS algorithm does not deteriorate
the energy conservation [40], therefore we used a time step of 2 fs to
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Fig. 1. The initial snapshots of the cholesterol distribution in bilayers (A) 25 mol% and (B) 50 mol%. The molecules are shown as: DMPC (line) and cholesterol (van der Waals spheres).

assure the accuracy of the results. The long-range electrostatic interac-
tions were estimated using the Particle-Mesh-Ewald summation method
[52] with a direct space cutoff of 1.2 nm and a grid spacing of 0.16 nm.
Fig. 3 shows snapshots from the production simulations of four 5-FU
molecules in membranes containing 0, 25 and 50 mol% cholesterol.

In order to examine the interactions between a hydrophilic drug and
membranes containing cholesterol and its effect on partitioning and per-
meation of drug, the free energy profile of a 5-FU drug molecule from
bulk water to the interior of a DMPC lipid bilayer was calculated by
using the potential of mean force (PMF) method. The center of mass of
5-FU was constrained at the z distance between the center of mass
(COM) of the drug and DMPC bilayer (along the membrane normal direc-
tion), and the drug 5-FU was allowed to rotate and translate freely in the
x-y plane. The constraint force, F,, acting on the drug molecule at a par-
ticular location z along the bilayer normal was collected and then the
free energy was calculated by integrating between z; and zs as follows:

AG=G, =G, =~ [ (F.).az (1)

where (F,) is the mean force acting on the drug at a particular location z
along the bilayer normal, z; represents the normal position of drug at the
interface of bilayer with the bulk water and z; represents the normal po-
sition of drug at the middle of the bilayer. In this work the potentials of
mean force (PMFs) were calculated using the umbrella sampling (US)
method [53]. The drug molecule was placed in the bulk water, and then
it was pulled into the DMPC bilayer along the z-direction using a harmon-
ic spring with the force constant of 2000 kj/(mol nm?) and a pulling rate
of 0.01 nm/ps. From the obtained trajectory the frames with distance
change of ~0.2 nm between the center of mass of bilayer and the 5-FU
drug molecule were extracted. For each system, 13 z-locations or frames
of the 5-FU molecule per monolayer ranged from the bulk water to the
middle of the bilayer were explored. In each frame, which is referred as
a window, the z distance between the COM of the drug and the bilayer
was constrained using a biasing harmonic potential with a force constant
of 2000 kJ/(mol nm?). Each window was simulated for 4 ns and based on
the results obtained for all 13 simulations, the weighted histogram

Table 1

Volume of simulation box V (nm?) number of water, DMPC and cholesterol in the
simulation systems: system1 (0 mol% Chol), system2 (25 mol% Chol), system3
(50 mol% Chol).

System 1 System 2 System 3
V (nm?) 278.7193 206.6977 170.8899
N0 4542 2760 2129
Npwmpc 128 96 64
Ncnot 0 32 64

analysis method (WHAM) [54,55] was used to obtain the potential of
mean force (PMF) profile across the monolayer. In several studies
[30,32,56,57] it is shown that this simulation time is sufficient for equili-
bration and accurate in calculating the PMF profiles. With regard to the
symmetric structure of bilayer, the PMF profile for half part of bilayer,
or one monolayer, can be applied to another half part.

3. Results and discussion
3.1. Area per lipid

The area per lipid is one of the most fundamental characteristics for
describing the state of molecular packing within a lipid bilayer. The av-

erage area per lipid for different molecules in the bilayer containing cho-
lesterol can be obtained by using the following equations [58]:

~2A [, NVl
ADMPC - NDMPC <1 V*NWVW (2)
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Fig. 2. Molecular structures of DMPC lipid, cholesterol and 5-FU.
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Fig. 3. Snapshots of the 5-FU molecules in (a) 0 mol%, (b) 25 mol% and (c) 50 mol’% cholesterol membranes. The molecules are shown as: water, white and red lines; DMPC, cyan lines;

cholesterol, white cylinders; 5-FU, van der Waals spheres.

where Apppc and Acpo are the average area per DMPC lipids and choles-
terol lipids, respectively. A is the area of simulation box. Npypc stands for
the number of DMPC lipids in the simulation box, and V is the volume of
the simulation box. N, is the number of water molecules, and Ny, is
the number of cholesterols. V,, is the volume of a water molecule and
Venot is the volume of a cholesterol molecule. The volume of a cholesterol
molecule, Vyop, is 0.593 nm? and that of water, Vi, is 0.0305 nm? [12].

The average thickness (h) of the lipid bilayer was calculated by the
following equation:

h= L"ZWVW. (4)

The area per lipid is a proper criterion for evaluating the equilibra-
tion and the stability of bilayer simulations. The time evolution of the
area per lipid for membranes containing various cholesterol concentra-
tions in the presence of 5-FU over the last 10 ns of simulation time was
calculated and displayed in Fig. 4. No significant fluctuations are ob-
served in Fig. 4 in the area per lipid profiles, which justifies the equili-
bration of the simulated systems. The average values for the area per
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Fig. 4. The time evolution of the area per DMPC lipid for the simulated systems.

Table 2

The average area per lipid (Apypc and Acnor), the average thickness (h) of the lipid bilayers,
free energy (AG) and lateral diffusion coefficient of drug evaluated for studied simulation
systems: system1 (0 mol% Chol), system2 (25 mol% Chol), system3 (50 mol% Chol).

Systems  Apypc (NM?)  Acior (nm?)  h (nm)  AG (kJ/mol) Dy (10° cm?/s)
1 0.6123 - 3.5769 52.8973 03174
2 0.5317 0.2923 4.0578 90.3768 0.1694
3 0.5006 0.2794 4.2446 122.6103 0.0562

lipid and bilayer thickness for different systems are presented in
Table 2. The values of the area per lipid and bilayer thickness computed
for pure DMPC reported in Table 2 are fairly close to the obtained values
in the X-ray diffraction experiment, 60.6 nm? and 3.55 nm, respectively
[59]. As it is seen in Table 2, with increasing cholesterol concentration in
the bilayer the area per lipid decreases while the bilayer thickness in-
creases. This is known as condensing effect of cholesterol on lipid bilay-
ers as has been reported in other simulation and experimental studies
on the hydrated lipid bilayer [9,19,60]. The condensing effect of
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Fig. 5. Density profile of the 5-FU in the DMPC lipid bilayer.
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Fig. 7. Density profile of the 5-FU in the DMPC bilayer with 50% cholesterol.

cholesterol on the lipid bilayers is related to the rigid structure of cho-
lesterol which causes the compression and ordering of the chains of
lipid molecules [19,60].

3.2. Mass densities

In order to determine the influence of cholesterol on the distribu-
tion of the 5-FU drugs in the lipid bilayer, the mass density profiles
were calculated for all components of the simulated systems and
were shown in Figs. 5-7. These figures indicate that for all studied
systems, the 5-FU molecules predominately are located in the more
dense region of the membrane, close to the polar lipid head groups.
Due to the hydrophilic nature of the 5-FU molecules, no diffusion oc-
curs into the apolar center of the bilayer and as these molecules are
attracted by the polar head groups of bilayer which are located at
the membrane-water interface. Therefore 5-FU molecules form
strong hydrogen bonds with the head groups of the lipid molecules
and water. Moreover, these figures indicate that the cholesterol mol-
ecules do not alter the 5-FU molecule distribution along the z-axis
which is considered perpendicular to the bilayer. The asymmetric
distribution of the drugs in two sides of the lipid bilayers, in
Figs. 5-7, is due to the application of periodic boundary conditions
and jumping of the drug molecule from one side of the lipid
bilayer to the other side during the MD simulations. However, the bi-
layer thickness is substantially increased with the enrichment of
cholesterol.
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Fig. 8. Deuterium order parameter S, calculated for the sn-1 (a) and sn-2 (b) of DMPC acyl chains in the simulated systems.
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3.3. Order parameter

Incorporation of cholesterol into phospholipid membranes can affect
the ordering of lipid hydrocarbon tails. The ordering of hydrocarbon
tails in bilayers is usually measured experimentally by the NMR spec-
troscopy, which can be quantified using deuterium order parameter,
Sca- The deuterium order parameter Sy in computer simulations is
defined as:

S = <% (coszﬂ) - %> (5)

where 0 is the angle between the carbon-deuterium (CD) bond and the
bilayer normal (z-axis), and the angular bracket denotes an ensemble
average over time and all CD bonds. In Fig. 8, the deuterium order pa-
rameters of the DMPC hydrocarbon chains for the leaflet inside the
drug molecules extracted from simulations were plotted. A significant
increase in ordering of the hydrocarbon chains of DMPC lipid can be ob-
served with cholesterol content. The effect of cholesterol on ordering of
the lipids is further visualized in Fig. 9. This could be due to the relatively
rigid nature of the cholesterol molecules and also various types of inter-
actions such as hydrogen bonding with the DMPC molecules which has
been approved by experimental and simulation methods [9,60]. It is
seen in Fig. 8 that the presence of the 5-FU molecules does not drastical-
ly alter the ordering of the lipid chains. This can be justified by accumu-
lation of 5-FU molecules in the lipid-water interface of the membrane
which as a result has no effect on hydrocarbon chains of the DMPC in-
side the bilayer. However, for bilayer without cholesterol the slight in-
crease in the order parameters (S.;) of carbon atoms of the acyl
chains, as it is seen in Fig. 8, can be due to the 5-FU interaction with
DMPC molecules. In order to examine the effect of deeper insertion of
the 5-FU on the order parameter of the membranes, for each cholesterol
concentrations (0, 25 and 50%), one of the 4 ns MD simulation in the
umbrella sampling that the 5-FU was located at the middle of lipid tail
was analyzed. The results are depicted as DMPC1 in Fig. 8 which indicate
that the 5-FU induces a strong chain disordering in the membrane con-
taining cholesterol, especially for the membrane with 50 mol% choles-
terol which is in the liquid order state. This disordering can be related
to the lipid molecules' dynamics and conformal perturbation due to
the presence of 5-FU molecules in the membranes containing cholester-
ol. These perturbation effects of compound presence in bilayers have

been reported in both computational [61] and experimental observa-
tions [62-64].

3.4. Lateral diffusion coefficient

The interactions between the cholesterol and various lipids may
change the dynamic properties of a drug in the lipid membrane
[6-11]. A common way to evaluate the dynamic properties of a drug is
to calculate the mean square displacement (MSD) of the drug mole-
cules. The lateral diffusion coefficient, D;q, can be determined from mo-
lecular dynamics simulations through the Einstein relation by the slope
of the average mean square displacement at long times:

. d
Do = Jim 3 & ({r(e 4 t0) =1ty ®)

to

where r is a vector defined by the center of mass of a molecule and the
angle bracket denotes the averaging positions of molecules over all pos-
sible initial times t,.

The MSD profiles for the 5-FU molecules along the z-axis with differ-
ent cholesterol contents are displayed in Fig. 10. From this figure it can
be concluded that by increasing the amounts of cholesterol in the lipid
bilayer, the lateral motion of the drug molecules considerably decreases.
The values of lateral diffusion coefficient for 5-FU in systems composed
of 0%, 25%, and 50% cholesterol were [0.3174 (+0.0529), 0.1694
(40.0744) and 0.0562 (+0.0165)] (10° cm?/s), respectively. These
values indicate that the lateral diffusion of 5-FU drug molecule de-
creases by a factor of 2-3 over the concentration interval covered in
this study. This can be explained by the increase in the order, thickness,
and rigidity of the bilayer due to the presence of cholesterol molecules.

3.5. Free energy analysis

The free energy profiles for transferring a 5-FU molecule from bulk
water to the interior of the DMPC/Chol bilayer membrane, for several
cholesterol concentrations, were calculated by using the potential of
mean force as outlined in Section 2. The calculated free energy profiles
are shown in Fig. 11 which indicates that, by moving the 5-FU molecule
from the water/bilayer interface to the bilayer middle, the free energy
increases. This increase in the free energy is attributed to the transfer
of the hydrophilic drug 5-FU molecule from hydrophilic head of lipid

Fig. 9. Ordering of lipids in (a) 0 mol%, (b) 25 mol% and (c) 50 mol% cholesterol membranes.
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Fig. 10. The mean square displacement of the 5-FU in the simulated systems.

bilayer at the interface with water to the hydrophobic tail region of the
bilayer. The low value of free energy in the polar head group region of
the bilayer indicates that the 5-FU molecule is more likely to accommo-
date in this region of the bilayer, whereas the free energy high values in
the middle of bilayer represent the lower tendency of the 5-FU molecule
to diffuse into the hydrophobic part of the bilayer. This is in agreement
with the analyses of mass density profiles shown in Figs. 5-7. Moreover
Fig. 11 indicates that the free energy barrier of the DMPC/Chol mem-
branes increases with the cholesterol concentration, which implies a de-
crease in the 5-FU transport across the membranes. Subczynski et al.
[65] based on the experimental results explained that incorporation of
cholesterol to the DMPC bilayer increases the hydrophobicity of the
membrane interior, which increases the hydrophobic barrier to the per-
meation of the small polar molecules, including water. Therefore con-
sidering the result of our work for the bilayer with the cholesterol, it
can be stated that the increase in the free energy barriers for permeation
and translocation of 5-Fu as a polar hydrophilic molecule can be due to
the increase in the hydrophobic barrier at the middle region of the
bilayer and also the condensing effect of cholesterol on the membrane
which has been justified by various analyses in Sections 3.1 to 3.4 and
compared experimental studies [66]. Decreasing the permeation of the
5-FU and increasing the barriers suggest that incorporation of the
cholesterol to the DMPC liposome-based drug carriers can increase the
encapsulation of hydrophilic drugs into the carriers and decrease
the leakage and release of drugs. The free energy for transferring the
5-FU molecule from water to the center of the bilayers with the 0%,
25%, and 50% cholesterol compositions is ~50 kJ/mol, 90 kJ/mol and
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Fig. 11. Free energy profiles of 5-FU across the DMPC/Chol membrane at different choles-
terol concentrations.

120 kJ/mol, respectively. The measured activation energy by NMR
spectroscopy for translocation of 5-FU across an egg phosphatidylcho-
line membrane was 57 kJ/mol [67] which is comparable with the
52.8973 kJ/mol calculated in this work. Comparison between the error
of the calculated free energies estimated by bootstrapping analysis
which is within + 3 kJ/mol and the observed values validates the accu-
racy of free energy profiles.

4. Conclusion

In this work, molecular dynamics (MD) simulations were employed
to investigate the behavior of the hydrophilic anticancer drug 5-FU in
hydrated DMPC bilayer with different amounts of cholesterol (0, 25
and 50 mol%). The umbrella sampling technique was used to calculate
the potential of mean force (PMF) for the transferring of drug molecule
across the DMPC/Chol membranes. The minimum free energy barriers
determined by PMFs for the transferring of 5-FU from water to the mid-
dle of bilayers were calculated and were shown to be located in the vi-
cinity of polar head groups in the interface region of lipids and water.
This implies that the 5-FU molecule preferentially was accommodated
in this region of the membrane. The mass density profiles extracted
from the unconstrained simulations validated the variation of calculated
free energy across the membranes. Moreover, from PMF calculations it
was shown that the free energy barrier of bilayers increased by the en-
hancement of the cholesterol concentrations in the bilayers. This in-
crease can be related to the molecular condensing effect of cholesterol
on the lipid bilayer. The results of MD simulations justify that the thick-
ness, ordering, and rigidity of the bilayers as increased by cholesterol
cause a decrease in the lateral diffusion of drug molecule in the
membrane.
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