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Molecular dynamics (MD) simulations have become a powerful tool to study electroporation (EP) in atomic
detail. In the last decade, numerous MD studies have been conducted to model the effect of pulsed electric fields
on membranes, providing molecular models of the EP process of lipid bilayers. Here we extend these investiga-
tions by modeling for the first time conditions comparable to experiments using long (us-ms) low intensity
(~kV/cm) pulses, by studying the characteristics of pores formed in lipid bilayers maintained at a constant surface
tension and subject to constant charge imbalance. This enables the evaluation of structural (size) and electrical
(conductance) properties of the pores formed, providing information hardly accessible directly by experiments.
Millisecond pulses Extensive simulations of EP of simple phosphatidylcholine bilayers in 1 M NaCl show that hydrophilic pores with
Membrane model stable radii (1-2.5 nm) form under transmembrane voltages between 420 and 630 mV, allowing for ionic con-
Pore ductance in the range of 6.4-29.5 nS. We discuss in particular these findings and characterize both convergence
Conductance and size effects in the MD simulations. We further extend these studies in a follow-up paper (Rems et al.,
Bioelectrochemistry, Submitted), by proposing an improved continuum model of pore conductance consistent
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with the results from the MD simulations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Experimental evidence indicates that the application of an external
electric field to biological cells affects transiently or permanently the
integrity of their plasma membrane [1-8]. The changes in membrane
integrity are manifested by a substantial increase in the membrane
ionic conductance, an increase in molecular uptake into the cell and a
release of the cytosolic content from the cell [9-13]. This effect has
been rationalized by evidence demonstrating that an electrical pulse
induces a large change in the transmembrane voltage resulting in rear-
rangements of the membrane components, in particular the lipid bilay-
er, leading to the formation of aqueous transmembrane pores [4-8,
14-16]. This process of ‘aqueous pores’ formation under the application
of an external electric field is known as electroporation (EP) [1,12,17].
Today, EP is widely used in biomedicine and biotechnology for delivery
of drugs or genetic material into cells [13,18-24].

The size of pores formed as a result of EP together with their mor-
phology and conductive properties are crucial in determining the

* This is a part of Special Issue BES2015.
* Corresponding author at: CNRS, Unité Mixte de Recherches 7565, Université de
Lorraine, Boulevard des Aiguillettes, BP 70239, 54506 Vandoeuvre-lés-Nancy, France.
E-mail address: mounir.tarek@univ-lorraine.fr (M. Tarek).

http://dx.doi.org/10.1016/j.bioelechem.2016.01.006
1567-5394/© 2016 Elsevier B.V. All rights reserved.

permeability and selectivity of the plasma membrane to different ionic
and molecular species and consequently the potential efficacy of a
given EP application. While extensive experimental work on cells and
model lipid membranes (e.g. planar lipid bilayers and lipid vesicles)
has been devoted to the structural characterization of these pores
[25-35], the data emerging so far is very scarce. The nanometer-range
size of the pores unfortunately limits the possibility of their direct obser-
vation by conventional techniques. Only very recently, time resolved vi-
sualization of pores in droplet interface bilayers was made possible
using total internal reflection fluorescence microscopy [16]. Neverthe-
less, such fluorescence imaging currently does not allow the spatial res-
olution required to measure the pore size, nor the temporal resolution
corresponding to conventional microsecond and millisecond pulses
generally used in EP. Experimentally, therefore, one is able to estimate
the nanopore dimension only indirectly by measuring either membrane
permeability to molecules of different sizes, or membrane conductance
recovered from the current/voltage relationship. Both approaches, how-
ever, have their specific limitations.

Estimates of pore size based on monitoring the transmembrane
transport of small molecules (e.g. sugars, polyethylene glycols [33],
bleomycin [34]) and fluorescent dyes (e.g. thallium ions [32], YO-PRO,
propidium iodide [35]) were mostly obtained from in vitro experiments
on cells after exposing them to nanosecond long (<600 ns) electric
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pulses. Results of these studies suggested that nanosecond pulses in-
duce a high number of long-lived yet small pores, most of them with
radii of about 0.5-0.7 nm, which allow the transport of larger molecules
such as propidium iodide, but prevent the massive flux reported for
longer (millisecond) less intense (kV/cm) pulses [35-38]. The direct
correlation between the size of a molecule and that of a pore is though
debatable for molecules that might interact strongly with the pore
walls. Indeed an interacting molecule requires certain time to dissociate
from the bilayer and diffuse into the cytosolic milieu where it can be
detected. In addition, a charged molecule can significantly perturb the
local electrostatic environment in the pore proximity, leading to chang-
es in pore dimensions and pore morphology [39]. Even neutral sugar
molecules can strongly interact with lipid headgroups through hydro-
gen bonding, consequently modifying the bilayer properties [40]. Such
measurements may therefore not reflect properly the properties of
pores as directly induced by electric pulses.

Estimates of pore size based on measurements of membrane
conductance were on the other hand mostly obtained from planar
lipid bilayers when applying a constant current (chronopotentiometry)
to the membrane [25,26,29]. The benefit of controlling the current in-
stead of the voltage is that once a pore is formed, the voltage across
the membrane can reduce due to ionic transport through the pore,
hence stabilizing the pore and preventing membrane rupture. For phos-
phatidylcholine based planar lipid bilayers, pore radii from 1.9 to 6.0 nm
were reported, with larger pores observed when imposing a higher cur-
rent. Conductance measurements have also been performed on dense
cell suspensions during exposures to trains of 100 s pulses [28] and
on single cells using patch clamp techniques [30]. These studies sug-
gested that pore radii can vary from ~1 to 55 nm, depending on the
experimental conditions. However, the major limitation of estimating
the pore size from conductance measurements is that the experimental
data needs to be fitted to a certain model, which relates the pore con-
ductance with the pore size. For such purpose, analytical models deriv-
ing from the continuum Nernst-Planck theory are normally used, which
inherently impose simplified assumptions about the pore geometry and
the effective conductivity of the electrolyte inside the pore [41-43]. The
choice of such parameters and characteristics are in general arbitrary or
too approximate, which may cast doubts on the accuracy of the predic-
tions arising from the models. Moreover, continuum theories can fail to
properly describe the physics in a molecular-scale system, which was
indeed observed for ion channels [44,45]. One way of testing, validating,
and if needed improving the continuum models is to compare them
with molecular dynamics (MD) simulations, which provide full atomis-
tic details of the entire process of ionic conduction through a pore.

This is precisely the approach we are undertaking hereafter. In a series
of papers, we pursue a line of research where we use MD simulations to
determine the structural (shape, size) and electrical (conductance, selec-
tivity) properties of electropores formed in a model lipid bilayer in its lig-
uid crystal L, phase, when subject to increased transmembrane (TM)
voltage. In the first (present) paper, we introduce a new MD simulation
protocol that allows one to observe stable pores and extract their equilib-
rium properties under EP conditions. The results from the simulations are
then further analyzed in our subsequent paper [46], where they are com-
pared to the predictions of a continuum model constructed based on the
model system in MD simulations. As we will demonstrate, improvement
of the standard models is required in order to obtain results which are
consistent with the molecular modeling.

In MD simulations, there are two common methods that allow the
modeling of a TM voltage (trigger of EP): applying an external electric
field and imposing a charge imbalance across a lipid bilayer. An external
electric field is introduced into the system as an additional force acting
on all the atoms charged [14,47-50]. In such a scheme, the reorientation
of water molecules located at the solution/bilayer interface induces a
TM voltage that, when overcoming a certain threshold, triggers EP.
It was demonstrated, however, that in simulations with an external
electric field, the pores keep expanding in their size while the field is

maintained above the EP threshold, indicating their instability [51]. Sta-
bilization can be reached by lowering the intensity of the external elec-
tric field [52,53], but an arbitrary control of the field intensity hardly
corresponds to a clear experiment.

In the charge imbalance method, a TM potential is generated by sub-
mitting lipid bilayers to ionic salt concentration gradients either consid-
ering two solution baths separated by two bilayers [54-56] (the double
bilayer scheme) or by a bilayer and a vacuum slab [57] (the single bilay-
er scheme). In general, unlike the external electric field method, which
rather mimics an experiment using high intensity nanosecond pulses
[57,58], the charge imbalance method corresponds to the traditional
EP setup where low microsecond/millisecond pulses are applied. Such
a pulse applied to the membrane results indeed in the accumulation
of charged species at both solution/membrane interfaces; if one con-
siders the membrane as a capacitor embedded into conductive medium,
a TM potential created by the accumulation of charges on this capacitor
can be accordingly described.

The charge imbalance protocols used so far in simulations to model
EP, suffer from two important shortcomings. First, the charge imbalance
is not re-set during the simulation. Thus, in studies with the double [55,
56] and single bilayer [57,58] schemes, after the EP occurs, the imposed
charge imbalance at the beginning decreases significantly within sever-
al tens/hundreds ps (depending on the system size) due to an exchange
of ions through the pores in the bilayer. The decrease of the charge im-
balance results in a TM voltage drop, which may ultimately lead to the
pore collapse or resealing. A procedure to maintain the charge imbal-
ance at a constant level was recently proposed by Kutzner et al. [59] to
study the transport in ion channels. In this procedure, named “swap-
ping”, the number of ions in the two solution baths is frequently esti-
mated and if the latter differs from the initial setup, a “swapping”
event takes place: an ion of one solution is exchanged by a water mole-
cule of the other solution bath.

The second shortcoming of the charge imbalance method as used so
far in MD simulations concerns the membrane lateral expansion: the
latter can hardly be controlled in the double bilayer scheme due to the
fact that only one bilayer undergoes EP, and is prohibited in the single
bilayer scheme because in this case the simulations are carried out at
a constant volume. As a result, the pores are not allowed to relax to
their equilibrium conformation and the quantitative estimation of
their properties (e.g. size, current, selectivity to different ionic species,
etc.) becomes unreliable.

In this work, we present a protocol that deals with both shortcom-
ings of the charge imbalance method discussed so far. In particular, we
used the “swapping” procedure [59] to maintain the charge imbalance
at a constant level. Here, instead of considering the system with two bi-
layers, as used by Kutzner et al., we adapted the procedure for the single
bilayer scheme and the vacuum slab (see Fig. 1) proposed by our group
[57]. In order to overcome the second shortcoming, which concerns the
membrane lateral expansion, we used an assumption that in ‘experi-
mental’ macroscopic systems (cells, liposomes or planar lipid bilayers)
the formation of pores does not lead to any dramatic change in the
membrane surface tension due to its dissipation. Hence we performed
our simulations at a constant null surface tension. Using this protocol,
we were able to model for the first time the EP process in conditions
comparable with experiments. We show that in contrast to previous
simulations [60-62], the pores relax to a stable conformation, which al-
lows the estimation of their average size, ionic current and selectivity.

2. Methods
2.1. Systems preparation

Two systems with a hydrated Palmitoyl-Oleoyl-PhosphatidylCho-
line (POPC) bilayer were considered: a small one, composed by 256

POPC molecules (POPC_256), with a total size of 8.9 x 8.9 x 19 nm>,
and a big one, composed by 1024 POPC molecules (POPC_1024), with
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Fig. 1. The single bilayer scheme used in this work: two solution baths are separated by a
lipid bilayer (POPC) and a vacuum slab, which prevent an exchange of ions and, hence,
collapse of the charge imbalance. The POPC headgroups are shown as cyan and white
beads, the tails are shown as purple sticks; sodium and chloride ions are colored in
yellow and gray; water is transparent.

a total size of 17.8 x 17.8 x 19 nm>. In both systems, the bilayers were
surrounded by 1 M NaCl solution. The CHARMM?36 force field [63] was
used for POPC, and the TIP3P model was considered for water [64].

2.2. Parameters of MD

The MD simulations were performed using Gromacs 4.6. [65]. The
equations of motion were integrated using the leap-frog algorithm,
with a time step of 2.0 fs. The long-range electrostatic was calculated
using Particle Mesh Ewald (PME). The cut-off distance of the short-
range electrostatic was taken to be 1.2 nm. A switching function was
used between 0.8 and 1.2 nm to smoothly bring the van der Waals
forces and energies to 0 at 1.2 nm. During the simulations, chemical
bonds between hydrogen and heavy atoms were constrained to their
equilibrium values using LINCS. Periodic boundary conditions were ap-
plied in all directions.

2.3. Equilibration

The POPC_256 system was equilibrated during 100 ns in the NPT en-
semble: pressure and temperature of the system were kept constant at
1 atm (using the Parrinello-Rahman barostat) and 300 K (using the
Nose-Hoover thermostat), respectively. Note that at the temperature
set for the study, the POPC bilayer is in its biologically relevant liquid
crystal L, phase. To verify the convergence of the equilibration we esti-
mated the area per lipid along the run. The latter rapidly reached the
plateau of ~61.8 A2, which is in agreement with the previously reported
data for bare POPC bilayers [66].
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The big system (POPC_1024) was further constructed by replicating
the equilibrated POPC_256 in the bilayer plane. The POPC_1024 was ad-
ditionally equilibrated during 20 ns.

Once the system is equilibrated, in order to impose a charge im-
balance that induces a given TM voltage across the bilayer, the sim-
ulation box is extended in the direction perpendicular to the lipid
plane (z) creating a vacuum slab. This procedure was introduced
by Delemotte et al. [57,58] to reduce the computational costs of double
layer schemes. In this series of papers, the authors demonstrated that,
as far as the water baths surrounding the lipid bilayer are thicker than
2.5-3 nm, the presence of water/vacuum interfaces does not affect the bi-
layer properties.

2.4. Estimation of the total surface tension

During the equilibration performed in the NPT ensemble the total
surface tension (y/mN/m) in the system was zero since the lateral and
the normal pressure to the solution/bilayer interface are set equal. How-
ever, in our further simulations we considered the scheme with a vacu-
um slab [57,58], which introduces an additional solution/vacuum
interface with a non-zero surface tension. In the system with a vacuum
slab, the total surface tension (7y;o/mN/m) is the sum of the surface ten-
sion at the solution/bilayer ("Ysolilayer/MN/m) and solution/vacuum in-
terfaces ('Yvacuum/sol/mN/m): 'Ytot - 2’Yvacuum/sol + 'Ybilayer/sol~ ThUS, il'l
order to maintain throughout the simulations Ypiiayer/sol ~ 0 mN/m,
one needs to constrain the total surface tension of the system to that
of the vacuum/solution interface: Yot = 2Vvacuumysol-

In order to estimate the total surface tension, arising from the solu-
tion/vacuum interfaces we fixed its volume and performed short MD
simulations (10 ns). Based on the obtained trajectories, a surface tension
of ~100 mN/m was obtained from the lateral (P;/bar) and the normal
pressure to the solution/bilayer interface (Py/bar) as: v = [ [P} — Py]
dz, i.e. the surface tension at each of the two vacuumy/solution interfaces
was ~50 mN/m, in agreement with the experimental measurements
and modeling using similar force fields [67,68].

Notice that we used this value of surface tension for the two sys-
tems; POPC_256 and POPC_1024, testing its validity by looking at the
evolution of the area of the simulation box in time. The latter remains
constant over the elapsed time (see Fig. 6 of the Supplementary Materi-
al) both when the systems are at rest (no charge imbalance applied) and
for low values of TM voltages when the membrane is porated. For higher
values of TM voltage we register fluctuations of the box area due to the
osmotic pressure induced by the ion and water flux through the pore
(see Subsections 2.7 and 3.1).

2.5. Transmembrane (TM) potential

The electrostatic potential U,/V along the normal to the bilayer can
be calculated by solving Poisson's Eq. (1), i.e. derived as double integral
of p,/(C/m?), the volume charge density distribution, being £o/(F/m) the
vacuum permittivity:

1 /%7 " v
Uz:U(Z)—Uoz—%/O/OPZ(Z)dZ dz. (1)

As reference, Uy was set to zero in the lower bulk solution.
Practically, we calculated the electrostatic potential after the pore
formation (see Subsection 2.7) by dividing the system into 0.1 nm
slices along Z-axis, summing the charges in each slice and integrating
the resulting charge distribution for 10,000 configurations spread out
over 20 ns time-windows. The TM voltage U,,,/V was calculated as the
difference between the electrostatic potential measured at the lower
and the upper baths.
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2.6. Swapping protocol

In order to maintain the applied charge imbalance AQ/C at a con-
stant value, we used the “swapping” protocol [59] implemented in
Gromacs. Briefly, the protocol works the following way: the program es-
timates the number of ions in the two solution baths and if this number
differs from the initial setup, an ion of one solution bath is exchanged by
a water molecule of the other solution bath. Here, we adapted the
“swapping” protocol for the single bilayer scheme considering the
Z-planes separating the two solution baths as the Z-coordinates of the
water molecule center of mass placed in vacuum, and of the center of
mass of the bilayer. The centers of mass of both groups were restrained
during the simulations. Notice that no restraints are applied to the ions,
which are free to flow and to contribute to the ionic current.

2.7. Production runs

The production runs of 100 ns each were performed in the NPyT
ensemble (constant surface tension) using the single-bilayer scheme
[57,58] and the “swapping” protocol [59]. In order to keep the total sur-
face tension of the membrane/water at zero, we considered 100 mN/m
as a reference value for the total surface tension v (see Subsection
2.4). To avoid the collapse of the vacuum slab, using the Berendsen
barostat, we changed the compressibility of the system in the Z-
direction (perpendicular to the bilayer) to zero, fixing the L,-size of
the box during the simulation.

For the POPC_256 the following AQ/C were applied: 0g., 12¢. and
144, (q./C is the elementary charge). For the POPC_1024 in order to
save computer time, we first porated the bilayer with a high charge
imbalance (90gq.) to obtain pore formation in few ns. Once the pore
was large enough (arbitrary value of 1.8 nm) four AQ were applied:
20q., 324, 40q., 56q. corresponding to the TM voltages U, of ~420,
510, 520 and 630 mV, respectively. Consequently, the TM voltages
were estimated only after the pore formation.

Notice that the 48q. AQ was considered only in our subsequent
paper [46] to increase the statistic needed for a more detailed analysis
of the pore conductance, carried out over time windows of 20 ns each.
In fact, when the AQ is too high the bilayer shows a less stable behavior
in time in terms of membrane area (see Supplementary Material). This
is probably due to the osmotic pressure imposed by the water flow (see
Subsection 3.1) that results in non-equal volumes of water in the two
baths of the bilayer as well as in a corresponding increase in the ionic
concentration where the water volume is reduced. Therefore, like in
the case of 48¢., if such not predictable behavior was observed before
80 ns, the simulation was rejected. The 56, run exhibits this behavior
after 80 ns, which allowed us to carry out the analysis until that.

2.8. Analysis of the pore

Based on the obtained trajectories, the minimum pore radius (R/nm),
ionic current (I/nA), conductance (G/nS) and selectivity (S) were ana-
lyzed. The pore radius was estimated using HOLE [69] at each 250 ps.
The program HOLE was designed to determine protein channel dimen-
sions along the axis perpendicular to the bilayer, defining the radius in a
given position as the largest possible sphere which can fit the channel
without overlapping with van der Waals radii of any atomic species pre-
viously set. To adapt the algorithm to our case, we chose as reference
atoms the phosphorous and nitrogen of the lipid headgroups considering
configurations of the pore along the trajectory.

The ionic current was evaluated as the slope of the ionic flux at each
0.2 ps; the conductance was estimated as the ratio between the average
ionic current and the TM potential applied.

In order to verify the convergence, the cumulative values of the pore
radius and ionic current were calculated along the MD runs. The simu-
lations were assumed to converge when the cumulative values reached
their plateau values. Accordingly, the average values and their standard

deviations were estimated for the plateau regions. The bilayer density
(d/a.u.), thickness (t,,/nm) and an average molecular order parameter
(Pcy) were extracted using the protocol suggested by Castillo et al. [70].

3. Results and discussion

Experimentally, when macroscopic systems are exposed to an elec-
tric pulse causing EP, the formation of the pores does not lead to dra-
matic changes in the membrane surface tension, as it is re-distributed
along the entire membrane surface. Hence, if one wishes to model the
EP process in conditions comparable with the experimental ones, the
membrane surface tension should be kept constant (and null). In the
single bilayer charge imbalance scheme that we considered in this
work, the total surface tension is the sum of the surface tension at the
bilayer/solution and the surface tension at the solution/vacuum inter-
faces (see Subsection 2.4). While the total surface tension is constant
when the bilayer is intact, it rises abruptly after the pore formation oc-
curs [14,71]. To avoid such unrealistic increase, we estimated the total
surface tension during the equilibration step (no charge imbalance)
and used this value to maintain the surface tension constant when the
system was exposed to the charge imbalance (see Subsection 2.4). In
order to prevent the collapse of the vacuum slab, we maintained the
compressibility of the system in the Z-direction (perpendicular to
the bilayer) to zero (see Subsection 2.7). Finally, the simulations
were performed using the “swapping” procedure proposed by Kutzner
et al. [59] which allows to maintain the charge imbalance constant (see
Subsection 2.6).

The protocol that combines the constant surface tension and con-
stant charge imbalance was applied to the big system with 1024 POPC
molecules (POPC_1024, see Subsection 2.1). Four different AQ were
considered (20ge, 32¢., 40¢., 56¢.), corresponding to TM voltages U,
of ~420, 510, 520 and 630 mV, respectively (estimated after the bilayer
electroporation, Fig. 2, as explained in Subsection 2.7).

In the following sections we report a detailed analysis of the pore
radius, current, conductance and selectivity (Section 3.1) and of the

Fig. 2. Cross section of an electroporated POPC_1024 bilayer depicted from a configuration
with a pore radius of 1.8 nm. The POPC headgroups are shown as cyan and white beads,
the tails are transparent; sodium and chloride ions are colored in yellow and gray;
water is transparent.
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size effect induced by the finite dimension of the simulation cell (Sec-
tion 3.2) obtained under the aforesaid described conditions.

3.1. Pore characteristics

Fig. 3 reports the cumulative average of the pore radius along the MD
run and the average pore profile estimated for the four charge imbal-
ances. The cumulative pore radii (Fig. 3A) reach a plateau after 20 ns
indicating that the pores are stable and that the corresponding simula-
tions have converged. For each MD run, the average pore radius and the
standard deviation were further estimated for the remaining part of the
trajectory: from 20 to 80 ns. In the Supplementary Material, Fig. 4, we
report the time-averaged analysis on the pore radius and its standard
deviation over segments of 20 ns as estimation of the fluctuations.
Note that for the lowest value of AQ (20q.), after the first 20 ns of sim-
ulation the time average of the minimum radius converges to a mean
value around 1 nm with standard deviations overlapping (Fig. 4A of
the Supplementary Material). Hence, for the scope of this paper, we
consider the radius stable enough to test our protocol under AQ.

The average pore radius (Fig. 3B), ranging from 1 to 2.5 nm, was
shown to be dependent on the charge imbalance applied to the system,
thereby being dependent also on the TM voltage; the dependence of the
average pore radius on the TM voltage is approximately linear in the in-
vestigated range.

Our observation of stable pores at moderate TM voltages is in gener-
al agreement with theoretical predictions [6,72-74]. The theory of EP
namely predicts that once the energetic barrier for pore formation is
overcome, the formed hydrophilic pore will stabilize at certain radius
which corresponds to the local minimum in the pore free energy land-
scape. The position of this minimum with respect to the pore radius is
also expected to shift with increasing TM voltage, resulting in larger
stable pores. If the TM voltage exceeds a certain value, however, the
minimum is expected to disappear leading to irreversible expansion of
the pore and ultimate rupture of the bilayer provided that the TM volt-
age remains constant. We interpret our results as being in the range of
TM voltages which allow pores to remain stable, at least in the time win-
dow considered.

The ionic current through the pore was estimated as the slope of the
ionic flux (see Supplementary Material). In Fig. 4A we report the cumu-
lative average of the ionic current for the four charge imbalances over
time. As expected, the currents grow to reach a plateau after less than
10 ns until the end of the runs, which proves the convergence of this
observable. The stable currents range from 2.69 to 18.58 nA, when the
TM voltages from 420 to 630 mV are maintained.

The current/voltage relationship of Fig. 4B shows that as the TM
voltage applied is increased, the current flowing through the single
electropore rises approximately linearly. Note that with increasing
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TM voltage the pore radius also increases. Since pores with larger
size allow the passage of a higher number of ions, the increase in
the current is both due to the increase in the TM voltage by directly
increasing the electrophoretic drift of ions, as well as the increase in
the pore size.

The conductance (G/nS) of the pore was calculated as the ratio of
ionic current (I/nA) and TM voltage (Uy,/V); the results are presented
in Fig. 5A. We reported G as a function of the pore radius (R/nm) to fa-
cilitate the correlation of our results with the experimental ones, where
the radius is indirectly deduced from the conductance measured. In the
range of TM potentials investigated, the conductance changes almost
linearly with the pore radius (for further analyses and discussions on
the relationship between the pore conductance, pore shape, and pore
radius we refer the reader to our subsequent paper [46]).

Finally, we estimated the pore selectivity (S) as the ratio of anionic
(Ici-/nA) to cationic (Ina+/nA) current, Fig. 5B. In agreement with the
previous findings [53], the pore was shown to be more selective to sodi-
um ions than to chloride ions. Ho et al. [53] extensively analyzed and
discussed the effects of the pore wall and the interactions among the
ions passing through nanoscale pores on the conductance, coming to
the conclusion that this selectivity arises from the nature of the lipid
molecules constituting the pore. The negatively charged phosphate
groups that form the walls of the pore attract sodium ions, which hin-
ders their passage across the bilayer, also makes the pore interior elec-
trostatically unfavorable for cations.

As in the case of flat bilayers, the Na cations bind deeply and there-
fore for longer time scale that their Cl anionic counterpart. Consequent-
ly, as we show in Fig. 5B, the ratio of Cl and Na current decreases as the
pore expands. Indeed, the pore expansion results in a higher fraction of
those sodium ions that pass the pore without any hindrance as they do
not interact with the pore walls. According to the analysis we performed
in our subsequent paper [46], the pore selectivity to Cl ions can partially
arise also due to electroosmotic flux of water through the pore, which
enhances the current of Clions and at the same time reduces the current
of Na ions. Indeed, in all performed simulations, we observed a net flux
of water in the direction of the flux of Cl ions (i.e., opposite to the direc-
tion of the electric potential gradient), which can be attributed to the in-
teractions of water with electrophoretically driven charged ions. The
water flux gradually reduces the volume of water on one side of the bi-
layer and increases the volume of water on the other side. The changes
in water volume limit the time range for which the simulations can be
performed (~100 ns) in the absence of excessive osmotic pressure,
which can lead to instability of the simulated system.

In a similar study carried out by Gurtovenko et al. [75] strong inter-
actions of Na ions with lipid headgroups were witnessed, with a conse-
quent slowdown of their permeation through hydrophilic water pores.
However, the Na and Cl ions are found to cross the pore at nearly the
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Fig. 3. (A) Cumulative minimum pore radius R/nm along the elapsed time t/ns, corresponding to the charge imbalances AQ/C of 20g. (black dotted line), 32q. (red dashed line), 40q. (green
dot-dashed line) and 564, (cyan solid). (B) Minimum pore radius R/nm versus the TM voltage U,, established at charge imbalances AQ/C of 20q, (black triangle), 32¢, (red diamond), 40q,

(green square) and 56¢, (cyan circle).
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Fig. 4. (A) Cumulative average of the ionic current I/nA along the elapsed time t/ns, corresponding to the charge imbalances AQ/C of 20qg, (black dotted line), 32q, (red dashed line), 40q,
(green dot-dashed line) and 56¢, (cyan solid line). (B) Current/voltage relationship for the charge imbalances AQ/C of 20g, (black triangle), 32q, (red diamond), 40q. (green square) and

564, (cyan circle).

same ratio. It is worth to notice that in these set of simulations the
charge imbalance was not maintained, and therefore after the leak of
one ion the potential drops and the pore tends to collapse. Moreover,
in such case the water flux that enhances the Cl flux is missing. This con-
dition of instability could influence the transport of ions and the result
reported from [75] can be considered only a qualitative indication.

In other studies such as those by Dzubiella et al. [76,77], such selec-
tivity was also observed for transport in hydrophobic pores.

3.2. Simulation cell and size effects

In MD simulations, the EP of bilayers is commonly studied on rela-
tively small systems composed of 256, 128 and in some cases of 64
lipids. Accordingly, we compared our data discussed so far (1024 lipids
and a total size at rest of 17.8 x 17.8 x 19 nm>) with a smaller system of
dimensions at rest 8.9 x 8.9 x 19 nm>, containing 256 POPC molecules
(see Subsection 2.1); the results of the comparison are presented in
Table 1. We found that at similar TM voltages the pore radius in the
POPC_256 bilayer is almost twice lower than that in the POPC_1024 bi-
layer, which results as well in different values of conductance. We hy-
pothesize that the observed inconsistency of the results stems from
the size effect. Indeed, once a pore is formed in the POPC_256, the size
of the simulation box prevents its adequate expansion, i.e. the bilayer
patch is not large enough to allow for the release of tension induced
by the pore spanning which consequently induces a constraint on the
pore size.

(A)

15 2 25 3
R/nm

In order to test this hypothesis, we analyzed the density, thickness
and order parameters of the electroporated POPC_1024 and POPC_256
bilayers (Fig. 6). The lipid order parameter, defined as Pcy = 1/2
<3cos? 6 — 1>, where 6 is the angle between the C—H bond vector
and the membrane normal, was calculated for all carbons in the lipid
acyl chains and then averaged within each voxel over the ensemble of
lipids and over the simulation (see Subsection 2.8).

The presence of the pore locally changes the bilayer properties; the
headgroups surrounding the pore slide along the water column to stabi-
lize it, resulting in a toroidal shape, and causing: a decrease in the order
parameter, a local drop in the lipid density, and in the bilayer thickness.
Fig. 6A and 6E show clearly that for the small system, the pore is too large
with respect to the cell size. The area affected by the pore (where we reg-
ister a decrease in the value of the properties mentioned above) almost
reaches the patch borders, which probably influences through the period-
ic boundary condition its own stability and expansion. On the contrary, in
the POPC_1024 the values of the density (d/a.u.) and the average molec-
ular order parameter (Pcy) (Fig. 6B and 6F respectively) recover when
moving away from the water defect.

4. Conclusions

Here we introduced a new protocol that enables for the first time to
perform MD simulations of electroporated bilayer under conditions
similar to those of experiments using low intensity, long (us—-ms) pulses.
This is perceived as the most appropriate approach to directly deter-
mine the transport of ions and selected molecules across bilayers

4.5
4
n 3.5

3_ 4
2.5 ’ ' ® 1

65 1 15 2 25 3
R/nm

Fig. 5. lonic conductance G/nS (A) and ionic selectivity S (B) as a function of the minimum pore radius R/nm, corresponding to the charge imbalances AQ/C of 20q, (black triangle), 32q,

(red diamond), 40q. (green square) and 56q, (cyan circle).
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Table 1
Pore radius R/nm and conductance G/nS estimated at specific TM potentials Uy,/V.
System AQ/qe Un/V R/nm G/nS
POPC_1024 20 0.42 + 0.04 1.0+03 6.4+ 2.5
40 0.52 + 0.05 19+02 19.6 + 3.2
POPC_256 12 0.46 + 0.06 0.6 +0.1 23402
14 0.54 + 0.10 0.7 + 0.2 28+1.2

AQ — charge imbalance imposed.

U, — transmembrane potential create by the charge imbalance AQ.
R — minimum pore radius maintained by a given Up,.

G — conductance of the elctropore for the corresponding radius.

exposed to electric pulses, which remains a challenge for experimental
methods. We proposed the use of an ensemble that allows the mem-
brane surface tension vy, to be constant, avoiding unrealistic constrains.
Then, the establishment of a constant voltage comparable with experi-
mental exposures was guaranteed by the swap procedure. Both these
conditions permit the formation of relaxed stable pores that can be
characterized geometrically and electrically. The cumulative average
of the pore radius and that of the ionic current confirm indeed the con-
vergence of these observables after 20 ns of simulation run.

We found that for TM voltages ranging from 420 mV to 630 mV, the
pore radius increases from 1 to 2.5 nm and the conductance from 6.4 to
29.5 nS. Quite interestingly, when the same TM voltage was maintained
on the lipid patch of the sizes usually employed in MD simulations
(~8.8 x 8.8 nm?, 256 lipids) the pore radius obtained was twice smaller
and the conductance almost three times smaller than what we reported
for the large system (~17.8 x 17.8 nm?, 1024 lipids), likely a conse-
quence of the constrains imposed by the finite size of the simulation
box.

Simulations along these lines should contribute to a better under-
standing of phenomenon of electroporation. Two further applications
can be considered. First, investigating the EP of more complex mem-
branes, and second investigating the transport of large molecules, e.g.
drugs and genetic material to shed light on the uptake mechanisms.

To provide a further insight to the EP process these results need also
to be linked with experimental observations. Since the direct compari-
son is challenging, as stated in the Introduction section, an intermediate
and complementary step could be the use of continuum models. In the

M. Casciola et al. / Bioelectrochemistry 109 (2016) 108-116

following paper, we therefore constructed a numerical model of pore
conductance based on the Poisson-Nernst-Planck theory, and found a
surprisingly exquisite agreement between the two approaches.
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