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The electroporation mechanism could be related to the composition of the plasma membrane, and the
combined effect of different phospholipid molecules and cholesterol content on electroporation has rarely
been studied nor conclusions drawn. In this paper, we applied all-atom molecular dynamics (MD) simulations
to study the effects of phospholipids and cholesterol content on bilayer membrane electroporation. The
palmitoyloleoylphosphatidylcholine (POPC) model, palmitoyloleoylphosphatidylethanolamine (POPE) model,
and a 1: 1 mixed model of POPC and POPE called PEPC, were the three basic models used. An electric field
of 0.45 V nm~! was applied to nine models, which were the three basic models, each with three
different cholesterol content values of 0%, 24%, and 40%. The interfacial water molecules moved under
the electric field and, once the first water bridge formed, the rest of the water molecules would
dramatically flood into the membrane. The simulation showed that a rapid rise in the Z-component of
the average dipole moment of the interfacial water molecules (Z-DM) indicated the occurrence of
electroporation, and the same increment of Z-DM represented a similar change in the size of the water
bridge. With the same cholesterol content, the formation of the first water bridge was the most rapid in

the POPC model, regarding the average electroporation time (t.p), and the average to, of the PEPC
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Accepted 27th July 2022 model was close to that of the POPE model. We speculate that the differences in membrane thickness

and initial number of hydrogen bonds of the interfacial water molecules affect the average te, for
different membrane compositions. Our results reveal the influence of membrane composition on the
electroporation mechanism at the molecular level.
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1 Introduction

When cells are exposed to an electric field, pores form in the cell
membranes and increase their permeability, which is known as
electroporation.’” Technologies based on electroporation have
been applied in medicine, biotechnology, and even food pro-
cessing,*® but the electroporation mechanisms are not yet well
understood. Various theoretical models have been developed to
investigate electroporation at the level of a single cell, multiple
cells, and tissues.*® However, it is difficult to observe the
dynamic process of electroporation from a microscopic
perspective using traditional electroporation simulations.
All-atom molecular dynamics (MD) simulation is an efficient
tool that can directly observe the occurrence of electroporation
at the molecular level.'®" Tieleman found that the water
molecules moved with the electric field gradient and continu-
ously entered the cell membrane when a vertical electric field
was applied."”® Hu et al. constructed a dipalmitoylphosphati-
dylcholine (DPPC) bilayer model and found that the
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phospholipid headgroups on the anodic side of the membrane
first shifted and formed voids under the electric field, and water
molecules entered the membrane through the voids to form
water bridges.’ However, Vernier and Ziegler found that the
deflection of the headgroup dipole would not directly lead to the
formation of water bridges at the nanoscale, whereas the field-
oriented rotation of the headgroup dipole, the water dipole, and
the solvation interaction were important factors for the occur-
rence of electroporation.’®®* Additionally, researchers found
that the rearrangement of water molecules at the water/
membrane boundary of a POPC phospholipid bilayer, and the
magnitude and direction of the average dipole moment of the
interfacial water molecules, were key for electroporation to take
place, and further revealed the electroporation mecha-
nisms.?*>* Furthermore, some researchers found that, with the
movement of water molecules, the hydrogen bonds between the
water molecules would change, and the network of hydrogen
bonds would vibrate, which affected the occurrence of electro-
poration.”**® The variation in hydrogen bonds between the
water molecules affected the recombination of peptides on the
membrane, and the association between protein peptides and
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cell membranes has been linked to diseases, such as Alz-
heimer’s disease.”*™*

Most all-atom MD models used to study the electroporation
mechanism were based on pure phospholipid membrane
models.**** However, the presence of different phospholipid
molecules in the phospholipid membrane can change its
stability and fluidity, which in turn affect the electro-
poration.***” Different phospholipid molecules can influence
the shape of the phospholipid membrane and thus regulate the
properties of proteins.*® Different lipid enzymes have been
enriched with different phospholipid molecules, which
changed the physicochemical properties of the membrane.*®
These factors led to differences being observed for different
phospholipid membranes under an applied electric field to
some extent. Gurtovenko applied the same electric field to
a POPC phospholipid bilayer and a POPE phospholipid bilayer
and found that the POPE model required more time for the
occurrence of electroporation, compared to the POPC model.*
Polak et al. found that the architecture of the lipid headgroups
and tails affected the propensity for poration in membranes
containing fluid-phase lipids.*' Furthermore, they compared
a bilayer made from archaeal lipids (with both (glucosyl)inositol
and inositol headgroups) with a DPPC lipid bilayer and found
that the electroporation threshold for DPPC was larger at the
same temperature.*” Hu et al. found that the architecture of the
lipid headgroups and tails in coarse-grained Martini membrane
models was also the vital reason that determined the propensity
for poration, similar to the results for atomistic membrane
models, and a higher propensity for poration was found for fully
saturated lipids, rather than monounsaturated lipids.*

Cholesterol is also an important component of phospholipid
membranes, and the influence of cholesterol content on the
electroporation of simple lipid bilayers has been proposed.***¢
In recent years, researchers found that the presence of choles-
terol could significantly change the thickness** and the
fluidity of the plasma membrane, which in turn affected the
breakdown voltage of the membrane.”””** Cholesterol
increased lipid cohesion and hardness to prevent peptide-
induced damage, reducing the rate of membrane damage, but
the effect was even reversed for different phospholipids.®®*”
Cholesterol is commonly used in experiments involving vesi-
cles. Researchers used cholesterol to prepare giant unilamellar
vesicles, and found that the rupture of the plasma membrane
under an electric field would be hindered by cholesterol.>”>%-¢°
Most simulations suggested that cholesterol delayed the
occurrence of electroporation, but the effect of cholesterol on
the propensity for perforation of the lipid bilayers was strongly
dependent on the structure of the lipids. Mauroy et al. reported
that the decrease in the propensity for poration for the POPC
phospholipid was due to the increased content of cholesterol,*
but Portet found that increasing the content of cholesterol
accelerated the occurrence of electroporation in dio-
leoylphosphocholine (DOPC) vesicles.®> Recently, Kramar added
20%, 30%, 50% and 80% content of cholesterol to the POPC
phospholipid, and found that, when the content was too high,
the breakdown voltage of the membrane would not increase,
but decrease.®® Ruiz-Fernandez et al found that under
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a nanosecond-pulsed electric field (nsPEF), a phospholipid
membrane with high cholesterol content would have significant
conformational changes in the voltage-sensing domain (VSD) of
the Ga® channel, which would affect the movement of the water
molecules.®* In conclusion, the influence of cholesterol and
different phospholipids on the electroporation mechanism
remains to be studied.

The combination of phospholipid molecules and cholesterol
enriches plasma membrane diversity. However, most electro-
poration simulations and experiments with cholesterol did not
consider its interaction with different phospholipid molecules.
POPC phospholipid molecules exist in the cell membranes of
brain cells and erythrocytes, therefore, POPC is one of the most
important phospholipids in biophysical experiments.®**® POPE
phospholipid molecules are also widely found in the cell
membranes of erythrocytes and in Escherichia coli.*” As the two
main phospholipid components in mitochondrial membranes,
POPE and POPC phospholipids have often been used in studies
under an applied electric field.*®** These two phospholipids
have a similar structure and the same tails, as well as a high
sensitivity to electric fields, which facilitated our observation of
the dynamic process of electroporation. Therefore, we con-
structed POPE and POPC models, as well as a 1 : 1 mixed model
of the two (PEPC), as the three basic models, and then added
24% and 40% content of cholesterol. A constant electric field
with a magnitude of 0.45 V nm ™" in the Z-direction was applied
in all models. We showed the dynamic process of the formation
of a water bridge, and proposed the relationship between the Z-
DM and electroporation. The average time for the occurrence of
electroporation (f.p) for each model was calculated, and it was
concluded that the membrane thickness and the initial number
of hydrogen bonds in the interfacial water were the main factors
affecting the average t.,. The number of hydrogen bonds
between the interfacial water molecules and phospholipid
molecules in the mixed models was also calculated. The entire
study provides an efficient basis for future electroporation
simulations and experiments.

2 Models and methods

2.1 Phospholipid membrane models

This study included 9 phospholipid membrane models, all of
which were constructed using the CHARMM-GUIL.">"* The water/
membrane/water phospholipid bilayer was composed of phos-
pholipid molecules and TIP3P water molecules. The TIP3P
water molecule is simple, stable and widely used in the study of
electroporation. More importantly, the TIP3P model has an
electric charge and the dipole moment can be calculated
quickly, which is suitable for our study.*®”> A phospholipid
membrane model composed of the single-component of POPC,
a phospholipid membrane model composed of the single-
component of POPE, and a 1:1 mixed model of POPC and
POPE (PEPC) were the three basic models for our all-atom MD
simulations. The positions of the POPC molecules and POPE
molecules were randomly distributed in the upper and lower
layers of the phospholipid model. Cholesterol molecules were
added to the basic models with 24% and 40% content. The total

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Simulation models for this study®

Model Npopc NpopE Ncur, CHL content (%) Nuyater
1 125 0 0 0 8875
2 0 125 0 0 8875
3 63 62 0 0 8875
4 95 0 30 24 8875
5 0 95 30 24 8875
6 48 47 30 24 8875
7 75 0 50 40 8875
8 0 75 50 40 8875
9 38 37 50 40 8875

“ Npopc = the number of POPC phospholipid molecules, Npope = the
number of POPE phospholipid molecules, Ngy;, = the number of
cholesterol molecules, Nyaer = the number of water molecules. Model
3, model 6 and model 9 are the mixed model called PEPC.

number of phospholipid molecules and cholesterol molecules
in all models was 125, and the total number of water molecules
was always 8875. The specific parameters, such as the number
of molecules within each of the models, are shown in Table 1.
All the models were placed in a cuboid box with the same length
in the X and Y directions. The initial box size of the POPE model
was 6.3 nm x 6.3 nm x 11.2 nm, and the balance, the initial
box was slightly changed according to the structure of the
different models.

2.2  MD simulations

All-atom MD simulations were performed using the NAMD
software, and the VMD software was used to observe the
dynamic process of the molecular simulations and calculate
relevant parameters.” We referred to the protocol of equilib-
rium for membranes from the CHARMM-GUL™ Using 3D
periodic boundary conditions, the temperature was set to 310 K.
The whole motion formula was integrated using the velocity-
Verlet integral method. Long-range electrostatic forces were
calculated by the particle-mesh Ewald (PME) method. The space
cut-off distance of the van der Waals force and the long-range
electrostatic force was set to 1.2 nm, and the switching func-
tion was adopted to slowly reduce to zero.** The CHARMM236
force field was applied to the simulations of the lipid bilayers,
and the conjugate gradient method was applied to search for
energy successively from the initial gradient until energy
minimization. The SHAKE algorithm was used to constrain the
lengths of the bonds involving hydrogen atoms and make the
water molecules rigid. In order to better balance the entire
phospholipid bilayer, the Z-direction position of the heavy
atoms and the distance of the dihedral angles were constrained
in a short time.”” The Langevin dynamic temperature control
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method and the Langevin piston Nosé-Hoover pressure control
method maintained the temperature and pressure at 310 K and
1 atm, respectively.”

The whole simulation process had the following stages: first,
after the minimization of energy, a heating process over 250 ps
was performed to increase the temperature to 310 K, with a time
step of 1 fs. Then, the system was kept at constant temperature
and pressure for 1.625 ns under the NPT ensemble, and the time
step was changed to 2 fs. Afterwards, the position restriction of
the heavy atoms of the phospholipid molecules and the
restriction of the dihedral angle distance of the phospholipid
molecules were removed, and a 10 ns equilibrium process was
performed. Finally, a constant electric field of 0.45 V nm ™" was
applied to the models after the 10 ns equilibrium process. As
the water bridge became too large, the model became extremely
unstable.”” Therefore, the end time of each model simulation
was different. The required time of the whole simulation
process is shown in Fig. 1.

3 Results and discussion
3.1 The dynamic process of electroporation

We first calculated the potential energy and the area per lipid
(APL) of the PEPC model during the 10 ns equilibrium process.
Fig. 2 shows that the potential energy curve is relatively stable
throughout the 10 ns equilibrium period. The maximum and
minimum values of the APL were 0.635 nm? and 0.58 nm?,
respectively, and the curve of the APL was stable, which are
similar to results found in previous literature studies.”>”®”® The
APL and the potential energy in the other models were also
stable like the results shown in Fig. 2 during the 10 ns equi-
librium process.

Through all-atom MD simulations, we can observe the
dynamic process of electroporation from a microscopic point of
view. The process by which water molecules on both sides of the
membrane enter the membrane and join to form a water bridge
is defined as electroporation.®® Fig. 3 shows the formation of
a water bridge in the PEPC model. After the 10 ns equilibrium
process, the water/membrane/water interface reached a relative
stable state; all water molecules were evenly distributed on the
outer sides of the phospholipid bilayer. The heads of the
phospholipid molecules moved with the electric field, providing
enough space for the water molecules to move, creating a water
protrusion. Then, the water molecules continued to move until
the water molecules on the upper and lower sides were con-
nected in the interior of the membrane, and the water protru-
sion changed into a water bridge in this process. It is worth
noting that, during the process of the formation of the water
bridge, phospholipid molecules will also bend towards the

minimize Tto310K  Maintain T and P Equilibrium 0.45V/nm electric field
F)L\H_\( | —
L1 | | |
10ps  250ps 1.625ns 10ns

Fig. 1 Time spent in each stage of the simulation. T stands for temperature, and P stands for pressure.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 24491-24500 | 24493


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03895a

Open Access Article. Published on 30 August 2022. Downloaded on 11/9/2025 1:55:05 PM.

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

(cc)

RSC Advances

x10*

-8.56

-8.58

~
©
=

-8.62

-8.64

-8.66

Potential energy (kcal/mol)

-8.68

4000 6000
Time (ps)

8000

-8.7

0 2000 10000

0.63 1

0.64 T T

)

& 0.62

0.61f 1

(b)

o
o
T

Area per lipid (nm

o

wn

o)
T
L

0.58 1

4000 6000 8000
Time (ps)

0 2000 10000

Fig. 2 The potential energy and the area per lipid (APL) of the PEPC
model during the 10 ns equilibrium process. (a) Potential energy.
(b) APL.

water bridge. When the first water bridge formed, its width
increased rapidly. Multiple water bridges appeared one after
another, and the water molecules polarized rapidly. The
dynamic process of electroporation was similar to that reported
in most previous studies.*****! The nanopore formation process
in all the other models was similar to that shown in Fig. 3, but
varied in the times required for water protrusion and bridge
formation among the different models.

3.2 The relationship between dipole moment and
electroporation

The water molecules within 4 A of the membrane/water inter-
face were defined as the interfacial water, and the movement of
the interfacial water molecules is an important reason for the
formation of a water bridge.”” The dipole moment is the most
intuitive parameter to reflect the polarization degree of the
water molecules.” When interfacial water moves under the
electric field and forms water bridges, the hydrogen bonds
between water molecules will also change.”” We calculated the
Z-component of the average dipole moment of the interfacial
water (Z-DM) and the number of hydrogen bonds between the
interfacial water molecules (H-bonds) under the electric field.
The Z-DM was given by the Z component of the total dipole
moment, then divided by the number of interfacial water
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(d)

Fig. 3 Dynamic process of electroporation in the PEPC model under
an electric field. The oxygen and hydrogen atoms are represented by
red and white spheres, the gold spheres represent the phosphorus
atoms of the phospholipid headgroup, and the blue string-like struc-
tures in the middle are the tails of the phospholipid molecules. (a) O ns
— initial stage. (b) 0.58 ns — water protrusion. (c) 1.15 ns — water bridge.
(d) 1.35 ns — after water bridge.

molecules. The cut-off angle and the cut-off distance of the H-
bonds were 35° and 3.5 A, respectively. Fig. 4 clearly shows
that both the Z-DM and the number of H-bonds increased
exponentially, and the models would become extremely
unstable when the water bridges were too large, so the end time
of each simulation was different.”” From Fig. 4, it can be seen
that the first water bridge was formed in the order of the POPC,
PEPC, and POPE models, and the time for the first water bridge
to be formed with the PEPC model was close to that of the POPE
model. The primary amines in the POPE headgroups that were
involved in intra- and intermolecular hydrogen bonds had
a lower propensity for poration compared with the POPC
headgroups. As a result, the POPE model was more compact,
which delayed the formation of the first water bridge.* It is
worth noting that the rapid rise in the Z-DM represents the
formation of the first water bridge, which is also called the
occurrence of electroporation. Once the first water bridge
formed, the water molecules rapidly flooded into the
membrane, which was the reason for the rapid rise of the Z-DM.
When the first water bridge of the three models formed, they
had similar dipole-moment values of 0.23 Debye (D), 0.26 D and
0.27 D for the POPC, PEPC and POPE models, respectively. We
speculate that the Z-DM is an important parameter that can be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The Z-DM and the number of H-bonds for the POPE, POPC
and PEPC models. The scatter plots are our data. In order to facilitate
observation, we fitted the data to get the curves, and marked the time
when the first water bridge of the POPC, POPE and PEPC models
formed. (a) Z-DM. (b) H-bonds.

used to measure whether the first water bridge is formed or not.
More kinds of phospholipid molecules and components will be
presented in future work to enrich the complexity of the models
and to approach the real cell membrane, and we consider that
the Z-DM will also be an indicator to measure the formation of
the first water bridge. In Fig. 4(b), the number of H-bonds is
seen to increase rapidly after a period of time. At the moment of
water bridge formation, the water molecules were in close
contact and the number of H-bonds rose. The number of H-
bonds in the POPC model rose the fastest, the PEPC model
was second, and the POPE model showed the slowest rise.
Different from the Z-DM, the initial numbers of H-bonds were
quite different. There were about 1900 in the POPC model, 1500
in the PEPC model, and 1300 in the POPE model, and the
differences were due to the membrane lipid composition.
Therefore, we speculate that the initial number of H-bonds is
also a reason affecting the electroporation mechanism, thus,
the number of H-bonds in water is an important factor.

For Fig. 5, we extracted snapshots of the moments in time
that corresponded to the same values of Z-DM for the POPE,
POPC and PEPC models The curves showing variation of Z-DM

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The Z-DM at different points in time and the corresponding top
views of the three models under the same Z-DM. In order to observe
the size of the water bridge, the top views only showed the phos-
pholipid molecules and hid the water molecules. (a) The corre-
sponding times of the three models at the same Z-DM. (b) Top views of
the three models at the same Z-DM.

with time were approximately linear and similar in slope. The
top views were used to observe the degree of electroporation,
which was determined by the size of the water bridge. When the
Z-DM was 0.4 D, the corresponding snapshots of the POPE and
POPC models were from 1.32 ns and 0.56 ns, respectively, and
a tiny water bridge appeared in both models. When the Z-DM
was 0.6 D, which corresponded to the snapshots at 1.42 ns and
0.65 ns for the POPE and POPC models, respectively, a similar
obvious water bridge outline was observed in both models.
When the dipole moment was 0.8 D, the corresponding snap-
shots of the POPE and POPC models were from 1.52 ns and 0.73
ns, the water bridges have continued to grow, and similar large
pores were generated in both models. In addition, we also show
top views of the PEPC model. Although a water bridge formed at
the edge of the model, it could still be seen that the size of the
water bridge increased with the Z-DM. According to the above

RSC Adv, 2022, 12, 24491-24500 | 24495
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results, the models had similar sizes of water bridge when the
magnitude of Z-DM was the same.

We also analyzed the Z-DM for the models containing
cholesterol, as shown in Fig. 6. The Z-DM increased exponen-
tially after the occurrence of electroporation, which was similar
to the trend in Fig. 4. At the same cholesterol content, the POPC,
PEPC and POPE models successively formed water bridges. The

40% CHL-POPE
——40% CHL-PEPC
——24% CHL-POPE
40% CHL-POPC
- 24% CHL-PEPC
1 |——24% CHL-POPC

(a)

Z-DM (Debye)

0 500 1000 1500 2000 2500 3000 3500 4000
Time (ps)
POPC PEPC
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24%-CHL ;
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(b)
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40%-CHL, .
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Fig.6 The Z-DM and top views of the cholesterol-containing models.
(@) The changes of the Z-DM with time. The scatter plots are our data.
We fitted the data to get the curves, and the solid circles mark the time
when the first water bridges of the POPC, POPE and PEPC models
formed. The dotted line indicates the Z-DM value of 0.6 D. From the
occurrence of electroporation, increments in the Z-DM of 0.4 D are
marked by triangles. (b) The times and corresponding top views of all
models when the Z-DM was 0.6 D. (c) The times and corresponding
top views of all models when the Z-DM increment was 0.4 D.
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increase in cholesterol content delayed the formation of a water
bridge among the same phospholipid models, which was
consistent with the simulation result reported by Casciola
et al® In the models with cholesterol, the moments in time
where rapid rises in the Z-DM were observed were close to the
times that formation of the water bridges occurred, which was
consistent with the result in Fig. 4. We recorded the moments in
time when each model had the same Z-DM magnitude of 0.6 D,
and extracted snapshots of the corresponding top views.
However, when the Z-DM magnitude was the same, the sizes of
the water bridges were not similar. Unlike the cholesterol-free
phospholipid models, the same Z-DM magnitude hardly re-
flected the same degree of electroporation. In order to find the
relationship between the Z-DM and electroporation, we extrac-
ted snapshots and show the top views corresponding to an
increment in Z-DM of 0.4 D after the occurrence of electro-
poration. After the same Z-DM increment of 0.4 D, the sizes of
the water bridges of the 6 models were relatively similar. Then,
we also looked at the results for increments in the Z-DM of 0.5 D
and 0.6 D following electroporation, and the results were the
same as for the increment of 0.4 D, which further reflected the
relationship between the Z-DM value and the degree of
electroporation.

3.3 Effects of initial number of hydrogen bonds and
membrane thickness on electroporation

The average t., values were the average values of 10 repeated
results for each model, and the membrane thickness of all
models was calculated before the electric field was applied.
From Fig. 7, it can be seen that, with the same cholesterol
content, the average t., of the POPE models were always the
biggest, followed by the PEPC models, and the results of the
POPC models were the smallest. The average t., values of the
PEPC models were consistently close to those of the POPE
models, rather than the POPC models, for the three cholesterol
content values, but the differences between them rose with the
increase in cholesterol. At 0% cholesterol, the average ¢., of the
PEPC model was 0.1 ns faster than that of the POPE model; at
24% cholesterol, the average t., of the PEPC model was 0.23 ns
faster than that of the POPE model; and at 40% cholesterol, the
average t., of the PEPC model was 0.77 ns faster than that of the
POPE model. With the increase in cholesterol content, the
average t., of our models increased, and this trend of change
was similar to a previous study.®” The average ., values among
the three basic models of POPC, PEPC and POPE at 0%
cholesterol were 0.45 ns, 1.15 ns and 1.25 ns, respectively; the
average t., values at 24% cholesterol were 1.11 ns, 1.57 ns and
1.87 ns, respectively; and the average t., values at 40% choles-
terol were 1.84 ns, 2.70 ns and 3.47 ns, respectively. The
combination of cholesterol molecules and phospholipid mole-
cules will limit the thermal movement of the phospholipid
molecules to a certain extent, thereby affecting their deflection
under the electric field. A similar phenomenon is also shown in
Fig. 7(b). At the same cholesterol content, the POPE phospho-
lipid model had the largest membrane thickness, the POPC
membrane thickness was the smallest, and the PEPC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Average te, and membrane thickness for all models. The average to, and membrane thickness were the average values of 10 repeated
simulation results for each model, and the membrane thickness was calculated before the electric field was applied. The dotted lines were made
to follow the change in values between models at the same cholesterol content value. (a) Variation of average t., with cholesterol content for the
POPE, POPC and PEPC phospholipid models. (b) Variation of membrane thickness with cholesterol content for the POPE, POPC and PEPC

phospholipid models.

membrane thickness was between the two. The membrane
thickness also increased with cholesterol content. The higher
the cholesterol content, the lower the influence on the
membrane thickness. The influence of cholesterol on the
thickness of the membrane was negatively correlated with its
concentration. Membrane thickness has been studied for its
effect on the electroporation mechanism, as with APL, from
a structural perspective of the models.>**> At the same value of
applied electric field, the thinner phospholipid membranes
were more likely to form a water bridge,** and models with
a larger membrane thickness required larger transmembrane
voltages, resulting in greater average f., values. At the same
time, a small membrane thickness corresponds to a large APL,*
which means that the space between the phospholipid
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molecules widens, and it is easier for water molecules to enter
the membrane and electroporation to occur. In our model, the
difference in membrane thickness was not particularly large,
but it also clearly led to the difference in ¢.p. In the next step in
our study, we will compare phospholipid combinations with
larger membrane thickness differences, such as POPC and
dimyristoylphosphatidylcholine (DMPC), where the membrane
thickness of DMPC is much less than that of POPC. This will
better confirm our conclusions.

Fig. 8(a) shows the initial number of H-bonds for all models.
The initial number of H-bonds is the average number of inter-
facial water H-bonds during the 10 ns equilibrium process,
which means that the initial number of H-bonds is only relevant
to the composition of the model. With the increase in
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Fig.8 The initial number of H-bonds and the change in the number of H-bonds for the 40% cholesterol content models under the electric field.
The initial number of H-bonds was the average value of the number of H-bonds during the 10 ns equilibrium process. (a) Initial number of H-
bonds for all models. (b) The number of H-bonds for the 40% cholesterol models under the electric field. The black circles represent the moment
when electroporation occurs. The dotted lines represent the average number of interfacial water H-bonds over the first nanosecond after the
electric field is applied.
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cholesterol content, the initial number of H-bonds in the three
basic phospholipid models decreased. At the same cholesterol
content, the initial number of H-bonds in the POPC, PEPC and
POPE models decreased successively. According to Table 2,
when the cholesterol content increased from 0% to 24%, the
average f.p, membrane thickness and initial number of H-bonds
of the interfacial water changed by 146%, 12% and —25%,
respectively. When the cholesterol content increased from 24%
to 40%, the average t.,, membrane thickness, and initial
number of H-bonds of the interfacial water changed by 67%,
2%, and —14%, respectively. From the percentage changes
shown, it seems that the initial number of H-bonds is also
a factor that affects the average t., therefore we speculated that
both the membrane thickness and the initial number of H-
bonds affected the average t.,. From Fig. 8(b), it can be seen
that, within the first nanosecond of applying the electric field,
the average number of H-bonds in the POPC, PEPC, and POPE
models with 40% cholesterol content was 1243, 1097, and 939,
and the lower the number of H-bonds in the first nanosecond,
the later the electroporation occurred. The numbers of H-bonds
were relatively stable at first, but when the electroporation
occurred, they suddenly rose exponentially. The rapid rise in the
number of H-bonds also indicated the formation of a water
bridge, which is the same conclusion determined from Fig. 4(b).
At 24% cholesterol content, we can also draw a similar
conclusion to that with 40% cholesterol content. H-bonds have
been applied to describe the process of models from an equi-
librium state to the formation of water bridges,”*® but the
initial number of H-bonds was not considered. The combina-
tion of other phospholipid molecules (persistent organic
pollutants (POPS) and palmitoyloleoylphosphatidylglycerol
(POPG)) with cholesterol has also been shown to have an
influence on the number of H-bonds,*® which verified our
results for different initial numbers of H-bonds. This part of the
simulation results is useful for our next stage of work. The
combination of different phospholipid molecules and choles-
terol content in phospholipid membranes changes the thick-
ness and initial number of H-bonds, all of which influenced the
average tp.

To further understand the influence of different phospho-
lipid molecules on electroporation, we calculated the number of
H-bonds between the phospholipid molecules and interfacial
water molecules in the PEPC model. As shown in Fig. 9, the
number of H-bonds between the phospholipid molecules and
interfacial water molecules decreased with the increase in
cholesterol content. For 0%, 24%, and 40% cholesterol content,
the number of H-bonds between the POPC phospholipid

Table 2 The average t.,, membrane thickness and initial number of
H-bonds in the POPC models

CHL-content Time Membrane

(%) (ns) thickness (A) H-bonds
0 0.45 39.49 1872

24 1.11 44.15 1396

40 1.77 44.93 1200
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Fig. 9 Hydrogen bonds between phospholipid molecules and inter-
facial water molecules in the PEPC model under the electric field at
three cholesterol concentrations.

molecules and the interfacial water molecules (H-bonds of
POPC-water) was always greater than the number between the
POPE phospholipid molecules and the interfacial water mole-
cules (H-bonds of POPE-water). At 0% cholesterol, the differ-
ence between the number of H-bonds of POPC-water and that
of POPE-water was 103; at 24% cholesterol, the difference
between the number of H-bonds of POPC-water and that of
POPE-water was 97; at 40% cholesterol, the difference between
the number of H-bonds of POPC-water and that of POPE-water
was 87. Under the electric field, water molecules are closer to
the POPC molecules than they are to the POPE molecules. At the
same time, we speculated that this was the reason why the
average t., of the POPC model was shorter than that of the POPE
model.

4 Conclusions

In this study, we used all-atom MD simulations and systemat-
ically investigated the influence of different phospholipids and
cholesterol content on electroporation. Under an applied elec-
tric field, water molecules entered the membrane through the
gaps and formed a water protrusion. The water protrusion
would become a water bridge after a period of time. Interest-
ingly, the occurrence of electroporation was accompanied by
rapid rises in the Z-DM and the number of H-bonds. From the
top views of the phospholipid models, we found that the
magnitude of the Z-DM could reflect the size of the water bridge,
which was also called the degree of electroporation. However,
the water bridges of different models were no longer similar
with the same Z-DM value after adding the cholesterol, however
the sizes of the water bridges in the different models were
similar with the same increment in the Z-DM value following
the occurrence of electroporation.

With the same cholesterol content, the POPC models had the
shortest average t.,, the POPE models had the longest average
teps and the average ¢, values of the PEPC models were close to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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those of the POPE models. The overall average t., decreased
with the increase in cholesterol content, but the order of
average t., remained unchanged for the three basic phospho-
lipid models with the same cholesterol content. We calculated
the parameters that vary with the model composition: the initial
number of H-bonds and the membrane thickness. At the same
cholesterol content, the POPC model had the smallest
membrane thickness, the POPE model had the largest
membrane thickness, and the membrane thickness of the PEPC
model was between the two. The initial number of H-bonds in
the POPC, PEPC and POPE models decreased successively. The
presence of cholesterol reduced the initial number of H-bonds
and increased the membrane thickness. By combining the
variation trends of the initial number of H-bonds and
membrane thickness with that of the average ¢.p, we inferred
that the membrane thickness and initial number of H-bonds
were important factors affecting the average t.,. The influence
of different phospholipid membranes and cholesterol content
on the electroporation mechanism was studied on the molec-
ular level. The effect of the dipole moment on the formation of
the water bridge and the effect of the initial number of H-bonds
and membrane thickness on the average t., were proposed. In
conclusion, this paper provides a reference for future all-atom
MD research on the electroporation mechanism.
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