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its oxygen permeation through
biological membranes: mechanism against double-
bond peroxidation†‡

Phansiri Boonnoy,ab Minchakarn Janlad,ab Behnaz Bagheri, cd Cristiano Dias,e
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The presence of oxygen molecules (O2) in biological membranes promotes lipid peroxidation of phospholipids

with unsaturated acyl chains. On the other hand, cholesterol is considered to be an antioxidant molecule as it

has a significant barrier effect on the permeation of O2 across membranes. However, a comprehensive

explanation of how cholesterol affects the distribution and diffusion of O2 within lipid bilayers is yet to be

established. In this study, we investigated the interaction of oxygen molecules with polyunsaturated lipid

bilayers using molecular dynamics (MD) simulations. The degree of lipid unsaturation and the concentration

of cholesterol were varied to study the permeation of O2. The free energy profile of O2 diffusing from the

water phase to the lipid bilayer was calculated using biased umbrella MD simulations. The results show that

O2 passively translocates into the membrane without changing the physical properties of the bilayer.

Interestingly, in the unsaturated lipid bilayers the presence of cholesterol led to a significantly decreased

permeation of O2 and an increase in the lipid chain order. Our results indicate that the hydroxyl groups of

cholesterol strongly interact with the O2 molecules effectively inhibiting interactions between the oxygens

and the double bonds in unsaturated lipid tails. In addition, a linear relationship between permeation and the

ratio of membrane thickness and area per lipid was found. These insights can help our understanding of

how the degree of unsaturation in a lipid tail and cholesterol affect lipid peroxidation at the molecular level.
1 Introduction

Biological membranes separate internal and external environ-
ments of cells and organelles regulating the uptake/excretion of
nutrients/waste.1,2 They are made primarily of a lipid bilayer
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with proteins anchored on it. Polar lipid head groups in these
bilayers are exposed to internal/external environments with
their acyl tails forming a non-polar core in between these
environments. This creates a barrier that impedes the ow of
polar molecules but allows the permeation of small non-polar
molecules that are critical for life.3

Mechanisms by which molecules transport across cellular
membranes can be classied into two main categories, active
and passive.3 Active transport involves regulatory machinery
which requires energy to transport target molecules in the
opposite direction of their concentration gradient. Passive
transport is an entropy-driven process of transporting mole-
cules across cellular membranes. Cross-membrane transport of
hydrophilic species is typically an activated process which
requires assistance of specialized protein-based transporters or
ion channels.4–6 Most small neutral molecules and drugs are
transported across biological membranes passively.2,3,7,8 This
includes oxygen (O2) that diffuses across cell membranes with
a permeability coefficient of about 23 cm s−1. The passive
diffusion of oxygen through the cell membrane is, however,
strongly affected by lipid composition, which may help to
rationalize the broad spectrum of oxygen levels observed across
different cells/tissues.9 Here, we focus on providing insights
into the atomic mechanisms accounting for oxygen permeation
RSC Adv., 2024, 14, 29113–29121 | 29113
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Fig. 1 Chemical structures of the PC lipids (POPC, PLPC, and PAPC)
and cholesterol. There are 1, 2 and 4 double bonds in the sn-2 chains
of POPC, PLPC, and PAPC, respectively.

Table 1 List of the simulated systems showing the total numbers of
phospholipids, cholesterol (CHOL), water (SOL), and oxygen mole-
cules (O2)

System Lipid Cholesterol Water O2

POPC 128 0 6400 16
PLPC 128 0 6400 16
PAPC 128 0 6400 16
POPC:CHOL 128 128 12 800 16
PLPC:CHOL 128 128 12 800 16
PAPC:CHOL 128 128 12 800 16
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and the role played by cholesterol and unsaturated fatty acids in
this process.

Cellular oxygenation is crucial for brain function,9 wound
healing,10 anesthesia,11 adipose tissue dysfunction,12 reperfu-
sion injury,13 and tumor radiation therapy.14 This process is so
important that oxygen concentrations below normal levels have
been related to pathologies such as cancer and heart diseases.
In the newly emerging cold (room temperature) plasma therapy,
a partially ionized gas composed of reactive oxygen and
nitrogen species (RONS) is directly delivered to living tissues,
and it is being explored for treatment of skin related disor-
ders,15,16 cancer therapy,17–19 and wound healing.20,21 Among the
RONS that cold plasma produces, is oxygen in its singlet delta
state, O2(

1Dg),22 which has been suggested to have a major role
in cell apoptosis.23–25 Production of singlet delta oxygen (among
other reactive oxygen species) is also the basis of photodynamic
therapy in which a light source and a photosensitizer are used
in combination with oxygen to kill malignant cells.26,27

Cellular membranes are composed of a diverse set of phos-
pholipids. They are versatile molecules with different head-
groups, charge, chain length, and saturation.1

Phosphatidylcholine (PC) is the main phospholipid in all
mammalian cells (40–50%) and lipoprotein particles.28–30 The
double bonds in the unsaturated acyl chains are prone to
oxidative stress caused by reactive oxygen species.31–33 These
reactions typically modify their chemical structure which
consecutively disturbs the physiological properties of cellular
membrane.34–36

In this work, we employ classical molecular dynamics (MD)
simulations to study the mechanisms of permeability of O2 in
six different phospholipid-based cell membranemodels (details
in Section 2). Although, singlet delta state of O2 is not described
explicitly in our simulations, our study provides insights in the
general mechanisms of its diffusion across cell membrane. We
investigate how the O2 molecules interact with the double
bonds of the lipid chains by exploring its location and distri-
bution in the different lipid bilayers. As cholesterol has been
suggested to protect lipid bilayers from oxidative stress,37,38 we
investigate the effect(s) of cholesterol on the distribution and
diffusional pathways of O2 in the lipid bilayers. In addition,
biased umbrella sampling MD simulations were used to calcu-
late the free energy proles of O2 from the water phase to the
lipid bilayers.

2 Methods
2.1 Unbiased MD simulations

To study the permeability of O2 in model cell membranes, we
considered phospholipid bilayers at three different saturation
levels, namely 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine
(PLPC), and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phocholine (PAPC). The numbers of double bonds in POPC,
PLPC, and PAPC lipids are 1, 2 and 4, respectively. In addition,
binary mixtures of the above lipids and cholesterol (CHOL) at
50% CHOL concentration were studied to examine the effect(s)
of cholesterol on the permeability of O2. The chemical
29114 | RSC Adv., 2024, 14, 29113–29121
structures of lipids and cholesterol are shown in Fig. 1 and the
details with the numbers of molecules for each simulated
system are listed in Table 1. All MD simulations were performed
with the GROMACS soware package version 5.1.2 (ref. 39)
using the CHARMM36 all-atom force eld.40 The TIP3P water
model41,42 was used in all simulations.

First, solvated lipid bilayers were constructed using the
CHARMM-GUI Membrane Builder.43 The pure bilayers had 128
phospholipid molecules and 6400 water molecules, and the
cholesterol-containing ones had 128 lipids, 128 CHOL mole-
cules and 12 800 water molecules. For all the systems, an
equilibration simulation was run for 100 ns to optimize the
bilayer structure.

Aer construction of the bilayers, O2 molecules were
randomly inserted into the equilibrated systems. Energy mini-
mization using the steepest descents algorithm was performed,
followed by MD simulations under a constant particle number,
pressure, and temperature conditions (the NPT ensemble). The
pressure was set to 1 bar with semi-isotropic pressure coupling,
time constant of 5.0 ps and compressibility of 4.5 × 10−5 bar−1

by using the Parrinello–Rahman method.44 The temperature
was set to 310 K with a time constant of 1.0 ps using Nosé–
Hoover thermostat technique.45–47 Periodic boundary condi-
tions were applied in all directions. A cutoff distance of 1.2 nm
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04846f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 8
:4

8:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was used for the van der Waals and the real space part of the
electrostatic interactions. The Particle-Mesh Ewald (PME)
method48,49 was applied to calculate the long-range part of the
electrostatic interactions. The Lennard-Jones forces were
smoothly switched to zero between 1.0 and 1.2 nm. All bond
lengths were constrained by the parallel linear constraint solver
(P-LINCS) algorithm.50 The integration time step was set to 2 fs,
and the simulations were run up to 1 ms. The Visual Molecular
Dynamics (VMD) soware51 was used for molecular
visualizations.

2.2 Biased umbrella MD simulations

We computed the free energy proles for O2 transport in all the
six bilayers. The potential of mean force (PMF) for moving an O2

molecule from the water phase to the bilayer center was
computed using the biased umbrella sampling MD simula-
tions52 with the Weighted Histogram Analysis Method.53,54

Initially, an O2 molecule was placed in the water phase at
3.4 nm away from the lipid bilayer center. During the umbrella
sampling MD simulations, the distance between the center of
mass of the O2 and the lipid bilayer was constrained in the z-
direction (reaction coordinate) using a harmonic potential
Fig. 2 Snapshots at the end of the 1 ms simulation of each of the sys
molecules (O2). The light blue region is water. The red spheres are O2, an
and cholesterol molecules, respectively. The green spheres are the phos
lipid bilayers (D–F), the pink spheres are the oxygen atoms of the hydrox
the water phase can enter and exit the lipid bilayer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
function with a force constant of 1000 kJ (mol nm2)−1. In the
simulations, 35 windows with varying positions of O2 were
performed to compute the PMF prole for each bilayer. The
calculation was divided into 0.1 nm per window in the z-direc-
tion to pull O2 from the water phase (z = 3.4 nm) to the bilayer
center (z = 0 nm). All simulations were performed in the NPT
ensemble at a constant of temperature at 310 K and a constant
of pressure at 1 bar. Each window was run for at least 100 ns,
and the last 50 ns were used to compute the PMF prole. The
statistical uncertainty of the PMF prole was estimated using
bootstrap analysis.54
3 Results

The location and distribution of O2 in the different bilayers are
considered to describe the potential of the O2 molecules to
interact with the double bonds of the lipid chains. Under
oxidative stress in the cell membrane, radiation, or photo-
sensitized oxidation, an O2 molecules in its ground state gains
energy and may jump to an excited singlet state (its lowest
excited state).55 This may lead to lipid peroxidation in the cell
membrane which has harmful effects on the biophysical
tems. The lipid bilayers without cholesterol (A–C) consist 16 oxygen
d yellow, black, green, and purple lines represent POPC, PLPC, PAPC,
phorus atoms of the lipid headgroups. For the cholesterol-containing
yl groups in the cholesterol headgroups. Note that all O2 molecules in

RSC Adv., 2024, 14, 29113–29121 | 29115
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Fig. 3 Mass density profiles of the carbon atoms in the double bonds
of the lipids hydrocarbon chains both with and without cholesterol. (A)
POPC, (B) PLPC, and (C) PAPC bilayer. The mass density profiles of O2

are also shown. The vertical solid and dashed lines refer to the average
distances of the phosphorus atoms from bilayer center for the systems
with and without cholesterol, respectively.
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properties and functions of the cell membrane. Previous
studies37 have demonstrated that cholesterol help to protect
lipid bilayers from oxidative attack by free radicals. Here, we
Table 2 Bilayer thickness, average number of O2 contacts with the doub
CHOL), and the lifetimes of O2 contacts with (C]C) (ps) were calculate

Systems Thickness (nm)
Average area per
lipid (nm2)

Average numb
O2 in contact w

POPC 3.89 � 0.06 0.646 � 0.014 1.87 � 1.74
POPC:CHOL 4.59 � 0.03 0.425 � 0.004 0.60 � 1.01
PLPC 3.79 � 0.06 0.663 � 0.013 4.13 � 2.65
PLPC:CHOL 4.49 � 0.03 0.433 � 0.004 1.90 � 1.86
PAPC 3.65 � 0.06 0.711 � 0.015 7.35 � 3.56
PAPC:CHOL 4.49 � 0.04 0.445 � 0.005 3.31 � 2.52

29116 | RSC Adv., 2024, 14, 29113–29121
examine the effect of cholesterol on the distribution and
diffusional pathway of O2 in lipid bilayers. In addition, free
energy calculations were performed using biased umbrella MD
simulation techniques to determine the free energy of transfer
of O2 from the water phase to the lipid bilayer. All the simula-
tions showed that the O2 molecules passively translocate into
the bilayers without causing pore formation or membrane
rupture. Interestingly, the presence of cholesterol in the
unsaturated lipid bilayers strongly decreases the permeability of
O2.
3.1 Location and distribution of O2 in the lipid bilayer

Fig. 2 shows snapshots of the systems aer 1.0 ms. O2 is a small
and non-polar molecule, and it is capable to passively and easily
diffuse through the lipid bilayer. This is consistent with
numerous previous experimental and computational
studies.56–58 We calculated the mass density proles of the O2

and cholesterol molecules, and all the carbon double bonds in
the unsaturated lipid chains as a function of the distance from
the bilayer center (the z-direction). The results are shown in
Fig. 3. The average distance of the phosphorus atoms (of the
lipid head groups) from the bilayer center was used as the
operational denition for the lipid–water interface in order to
determine the bilayer thickness. Bilayer thicknesses decreased
as the number of double bonds in the lipid chain increased.
This is due to the increase in uidity and disorder in the pres-
ence of double bonds. The data is shown in Table 2.

Previous experimental and computational studies have re-
ported that cholesterol increases themembrane thickness while
reducing the area per lipid.59 Our results are well in agreement
with those studies for all lipid bilayer types studied here, see
Table 2. Although the number of double bonds in the PLPC
lipid chain (2 double bonds) is less than in the PAPC chain (4
double bonds), we noted no signicant differences in the
bilayer thicknesses between these two lipid types at 50% of
cholesterol (Table 2).

In addition, we calculated the time evolution of all O2

molecules moving in the system with respect to the distance
from the bilayer center in the z-direction (see Fig. S1–S6†). The
results demonstrate that the O2 molecules passively enter and
exit the lipid bilayer, the most favourable location of O2 is being
at the bilayer center as shown by the mass density in Fig. 3. In
the presence of cholesterol, a small peak in density was
observed at the position of the cholesterol hydrocarbon rings,
le bond carbons in the lipid chains (C]C) and OH in cholesterol (OH-
d using eqn (2)

er of
ith C]C

Average number of
O2 in contact with OH-CHOL

Lifetime of O2 in
contact with C]C (ps)

— 9.74
0.28 � 0.64 7.85
— 7.97
0.30 � 0.65 7.92
— 7.03
0.27 � 0.63 6.99

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the density of O2 decreased in the hydrocarbon lipid tail
region especially in the double bond region. This result suggests
that cholesterol decrease the possibility of O2 to be in contact
with the double-bond regions of lipids.
Fig. 5 The number of O2 molecules passing through the bilayer as
a function of time.
3.2 Number of contacts and contact lifetimes

We calculated the number of contacts between the O2molecules
and the carbon atoms in the double bonds of the lipids. A
contact was dened to exist when the distance was #0.35 nm;
overlap distance criterion was taken from a carbon–oxygen
hydrogen bonding.60 Additionally, the average contact lifetime
(scontact) was calculated from the autocorrelation functions C(t)
of the lifetime distribution (P(s)) of all O2 and C]C contacts as

CðtÞ ¼ 1�
ðt
0

PðsÞds; (1)

scontact ¼
ðN
0

CðsÞds: (2)

As the results in Table 2 show, the number of contacts
increases as the number of double bonds increases. For all the
lipid bilayer types, the presence of cholesterol resulted in
a decrease in the number of contacts; the number of contacts
was roughly halved with 50% cholesterol present.

Table 2 also shows that the lifetimes for the O2 molecules in
contact with the double bonds is <10 ps for all bilayers. The
lifetimes were calculated using eqn (2). These results indicate
that the presence of cholesterol helps to protect the lipid bilayer
and to decrease the possibility of lipid oxidation by reducing
molecular contacts between the O2 molecules and the double-
bond regions of lipids.
3.3 Permeability of O2 in the lipid bilayer

O2 is a small and relatively hydrophobic molecule, see Table 1 in
Endeward et al.,61 and it can diffuse through the lipid bilayers.
We calculated the frequency of O2 diffusion through a lipid
bilayer. The path of oxygen translocation in a lipid bilayer was
Fig. 4 Definition of the permeation pathway for the oxygenmolecules
to move through a lipid bilayer. The lines show the bilayer center and
the average positions of the phosphorous atoms at the head groups.
The latter defines the interface between the bilayer and the water
solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
dened with three lines that represent the boundaries and the
center of the lipid bilayer, see Fig. 4. For the upper and lower
leaets, the average positions of the phosphorous atoms are
assigned to the rst and the third line in Fig. 4, respectively. The
center of a bilayer is shown by the second line. Translocation of
O2 across these three lines was counted as a successful
permeation event. The durations of successful permeation
events was also recorded. We monitored the systems with 16 O2

molecules. The number of events of diffusion of O2 molecules
across the lipid bilayers during 1 ms is shown in Fig. 5.

The total number of O2 molecules permeations through the
lipid bilayers per ns was determined by the slope of the total
number of diffused O2 molecules through the lipid bilayers and
are shown in Table 3.

The results show that the more double bonds present in the
lipid tails, the easier it is for the O2 molecules to permeate
across the lipid bilayer. This was observed both in the absence
and presence of CHOL, see Table 3.

The number of O2 permeation events through the bilayers is
shown in Table 3. The results show that the presence of
cholesterol signicantly decreases the number of O2 perme-
ation across the lipid bilayer. This is consistent with the
decrease in the number of contacts between O2 and the double
bond(s) due to the presence of cholesterol (Table 2).

We also calculated the average times that the O2 molecules
reside inside the lipid bilayer, Table 3. The results show that an
increase in the number of double bonds results in faster O2

passage through the lipid bilayer. Interestingly, the presence of
cholesterol leads to roughly doubling the residence time in all
systems. This increase in residence times caused by cholesterol,
which traps oxygen in the middle of the lipid bilayer, prevents
the O2 molecules from reaching the lipid double-bond region to
exit the lipid bilayer, see Fig. 3. The reasons for this are elabo-
rated in the next section where the free energy proles are
computed.

Interestingly, the concentration of about 50% is rather high,
but there are tissues that have over 70% of cholesterol
concentration. Of the lipids used in this study, POPC has the
highest main phase transition temperature at around −2 °C
RSC Adv., 2024, 14, 29113–29121 | 29117
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Table 3 The number of events that 16 O2 molecules in the system diffuse across the lipid bilayer

Systems
Total number of O2 passing
the bilayer within 1 ms

The number of O2 permeations
per ns (# per ns)

Average time for O2 passing
through the lipid bilayer (ns)

POPC 586 0.57 � 0.17 12.70 � 0.50
POPC:CHOL 217 0.21 � 0.10 24.90 � 1.52
PLPC 695 0.72 � 0.19 9.54 � 0.32
PLPC:CHOL 284 0.30 � 0.10 19.27 � 1.03
PAPC 1072 1.07 � 0.11 6.73 � 0.19
PAPC:CHOL 365 0.35 � 0.12 16.29 � 0.82

Fig. 6 Average tail angle (sn1 and sn2) distributions of POPC, PLPC,
and PAPC lipids were calculated between the vector from the second
to the last carbon of each tail and the bilayer normal (z-direction).

Fig. 7 The number of permeation events (PE) scales with the area per
lipid and membrane thickness. The fraction fCHOL of cholesterol
molecules per lipids in the membrane is zero and one in simulations
performed without (black) and with (red) cholesterol, respectively. The
area per lipid and the membrane thickness of the six membranes
studied here is given in Table 2. The number of permeation events per
ns is given in Table 3. Best-fit lines to data points are shown using
a dashed line.
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(about 271 K). Mixtures of POPC and cholesterol have been
studied quite extensively. For example, Dotson et al.62 per-
formed MD simulations of POPC with different concentrations
of cholesterol up to 100% cholesterol at 310 K (about 36.85 °C),
the same temperature as in our simulations. They did not report
any signs of a phase transition. Here, the systems were visual-
ized, and we calculated the lipid tail's angle distributions as
shown in Fig. 6. The emergence of an ordered phase was
observed at 50% of cholesterol, this is also evident in the
snapshots in Fig. 2. The effect of ordered phase on oxygen and
water permeation to bilayer was studied by Ghysels et al.63 They
showed that the bilayer with an ordered phase is less permeable
for oxygen and water compared to the one in disordered phase.
This implies that the presence of an order phase may play the
role on O2 permeation.

3.4 Permeation scales with membrane thickness and area
per lipid

The structure of a lipid membrane is strongly affected by the
degree of unsaturation of its comprising lipids and the presence
of cholesterol. In particular, these quantities affect the
membrane thickness and the area per lipid (Table 2) that can be
related to the distance travel by small molecules during
a permeation event and the space available to them within the
bilayer core, respectively. Accordingly, membranes with higher
29118 | RSC Adv., 2024, 14, 29113–29121
area per lipid can more easily accommodate molecules as they
permeate the membrane. Conversely, the probability of
a molecule to abort a permeation event increases with the
membrane thickness. This suggests that the number of
permeation events (PE) per unit of time, increases with the area
per lipid and decrease with the membrane thickness:

PEf
area

thickness
. The inset of Fig. 7 depicts this scaling separately

for membranes without (black) and with (red) cholesterol.
To account for a scaling law that unies membranes with

and without cholesterol, one has to recognize that cholesterol
occupies some of the space that is otherwise available to
accommodate O2 in a membrane with equal thickness/area per
lipid but depleted of this sterol. Accordingly, a factor needs to
be added to the proposed empirical scaling law to account for
a reduction in permeation due to cholesterol:

PE� g

�
NCHOL

Nlipid

�
f

area
thickness

. The constant g enables superpo-

sition of best-t-lines in the inset. For our two sets of
membranes, g is 0.53858.

The existence of a scaling law (Fig. 7) shows that despite the
complex effects (e.g., Fig. 3 and 6) induced by unsaturated lipids
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and cholesterol on the membrane structure, the number of
permeation events is dominated by the area per lipid and the
membrane thickness.64
3.5 Free energy proles

Fig. 8 shows the PMF proles for O2 translocation into the
bilayers. In all cases, the free energy barrier is at the lipid–water
interface. Aer the maximum at the interfacial barrier, the free
energy decreases toward the bilayer interior. The minimum
Table 4 The free energy of O2 transfer from water to the lipid bilayer (k

Systems
Free energy at
bilayer center

Free energy
at lipid–wate

POPC −7.50 � 0.26 2.74 � 0.15
POPC:CHOL −10.00 � 0.30 2.13 � 0.11
PLPC −8.61 � 0.25 2.4 � 0.12
PLPC:CHOL −9.34 � 0.38 1.87 � 0.16
PAPC −6.97 � 0.26 2.05 � 0.11
PAPC:CHOL −5.76 � 0.32 1.59 � 0.12

Fig. 8 The free energy profiles for moving an O2 molecule from the
water phase to the bilayer center. The vertical solid lines refer to the
average positions of the phosphorus atoms in the systems with and
without cholesterol. The vertical dot-dashed lines represent the
hydroxyl groups of the cholesterols. The free energy was set to zero in
the water phase (z = 3.4 nm). The bootstrap method54 was used to
compute the error bars, shown as transparent shading.

© 2024 The Author(s). Published by the Royal Society of Chemistry
value was found to be always at the bilayer center (at zero nm in
Fig. 8). This represents the equilibrium position, or the most
favorable location, of O2 within a lipid bilayer. This minimum
position directly matches the mass density proles of O2

measured from the unbiased MD simulations, Fig. 3, with the
bilayer center having the highest density of O2.

The values for the free energy of O2 translocation across the
lipid bilayer are reported in Table 4. The minimum free energy
at the bilayer center (Gcenter) was −7.50 ± 0.26, −8.61 ± 0.25,
and −6.97 ± 0.26 kJ mol−1 for POPC, PLPC, and PAPC lipid
bilayer, respectively. In the presence of cholesterol, a deeper
Gcenter was observed both in the POPC:CHOL bilayer (Gcenter =

−10.00 ± 0.30) and the PLPC:CHOL bilayer (Gcenter = −9.34 ±

0.38) which may be related to the decrease in density at the
bilayer center (see Fig. S7†). Except for the PAPC:CHOL bilayer,
Gcenter was found to be increased to −5.76 ± 0.32 kJ mol−1. The
decrease of free energy at the bilayer is related to the decrease of
density at the bilayer center. It is worth noting that the local
minima in the free energy proles, located at approximately
1.75 nm, align with the positions of the cholesterol hydroxyl
groups. The presence of cholesterol within the bilayer creates
a dual energy barrier that signicantly retards the diffusion of
oxygen molecules through the central region of the bilayers.
Note that the thermal energy in our simulations is
2.58 kJ mol−1, and thus thermal uctuations play a role in
aiding O2 to overcome the energy barriers in Fig. 8.

In a prior computational study, Dotson et al.62 studied
mixtures of POPC and cholesterol (0–100% of cholesterol).
Their free energy results for the case that can be compared, that
is, POPC membrane with 50% of cholesterol are in excellent
agreement. In another study, van der Paal et al.65 investigated
systems with cholesterol and 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC). Similarly to our ndings, they found the
appearance of new free energy barriers in the presence of
cholesterol.

In another study, Zuniga-Hertz and Patel66 concluded that as
the number of unsaturations in the lipids increases, there is an
increasing number of free volume pockets in the system. Such
pockets were proposed to be able to accommodate O2 mole-
cules. The current results indicate that the center of the bilayer
is able to accommodate O2 molecules as it is the location with
the most favourable free energy. However, additional free
energy minima (Fig. 8) within the bilayer may also play an
important role in trapping O2 molecules. The latter are more
pronounced in membranes made from PLPC and PAPC lipids
and in the presence of cholesterol.
J mol−1)

barrier
r interface

Free energy at
cholesterol Total energy

— 2.74 � 0.15
1.50 � 0.20 3.63 � 0.23
— 2.4 � 0.12
1.07 � 0.31 2.94 � 0.35
— 2.05 � 0.11
1.43 � 0.32 3.02 � 0.35
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4 Conclusions

In this work, we investigated the permeation of O2 through the
polyunsaturated lipid bilayers, with and without cholesterol,
using molecular dynamics (MD) simulations. The results show
that O2 passively diffuses from the aqueous phase through the
bilayer. O2 tends to favor the central region of bilayer, in
agreement with the calculated free energy transfer from the
aqueous phase to the lipid bilayer. The presence of cholesterol
in the unsaturated lipid bilayers notably reduces the perme-
ation of O2 through the membrane. This effect is accompanied
by an increase in bilayer thickness and the emergence of a local
energy minimum at the location of cholesterol hydroxyl group.
Our results suggest that the presence of cholesterol serves as
a protective shield for lipid bilayers by reducing the frequency
(number of contacts) and the duration (lifetime) of interactions
between the O2 molecules and the double-bond regions of the
lipids. This new insight supports the antioxidant function of
cholesterol in cellular membranes.

Although beyond the current study, we would like to point
out that there the matter of permeation is even more complex
and there are several factors that inuence it, in particular the
amount of cholesterol, the phase state of the membrane, and
the area per lipid and thickness, both of which depend on the
phase of the membrane.

Finally, we would also like to mention that no spontaneous
ip-ops were observed in simulations. We have, however,
studied ip-ops in oxidized PLPC systems in a prior study.38

Spontaneous ip-ops have been reported in ketosterone-
containing systems,67 albeit in the absence of oxidized lipids.
Molecular mechanisms of ip-op have been discussed in
detail, for example, by Gurtovenko and Vattulainen.68,69
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D. Yin and M. Karplus, J. Phys. Chem. B, 1998, 102, 3586–
3616.
© 2024 The Author(s). Published by the Royal Society of Chemistry
43 S. Jo, X. Cheng, J. Lee, S. Kim, S.-J. Park, D. S. Patel,
A. H. Beaven, K. I. Lee, H. Rui, S. Park, H. S. Lee, B. Roux,
A. D. MacKerell, J. B. Klauda, Y. Qi and W. Im, J. Comput.
Chem., 2016, 38, 1114–1124.

44 M. Parrinello and A. Rahman, J. Appl. Phys., 1981, 52, 7182–
7190.
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