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The effect of ions present in the extracellular medium on electroporation by high-intensity, short-duration pulsing
is studied through molecular dynamic simulations. Our simulation results indicate that mobile ions in the medium
might play a role in creating stronger local electric fields across membranes that then reinforce and strengthen
electroporation. Much faster pore formation is predicted in higher conductivity media. However, the impact of

extracellular conductivity on cellular inflows, which depend on transport processes such as electrophoresis,
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could be different as discussed here. Our simulation results also show that interactions between cations (Na™ in
this case) and the carbonyl oxygen of the lipid headgroups could impede pore resealing.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The effect of intense pulsed electric fields on biological cells and
tissues has been the topic of research since the late 1950s, with the
first report of electric-field assisted reversible breakdown of cell
membranes by R. Stampfli [1]. The orders of magnitude increase in
plasma membrane permeability of a biological cell were termed
“electroporation” [2]. Electroporation involves [1,3,4] rapid structural
rearrangement of the membrane, leading to the rapid increase of
electrical conductivity [5] associated with the formation of pores in
the lipid bilayer. The existence of pores has not been experimentally
verified in a unique and unambiguous manner. Here, pores are taken
to denote some kind of highly conductive pathways created in the
membrane due to an externally applied electric field that increase
membrane conductivity. Furthermore, these pores facilitate the uptake
and flow of molecules and ions. Electroporation can, therefore, be used
to initiate molecular fluxes for purposes of introducing a genetic material
into cells, and numerous other applications [6-10]. Besides membrane
electroporation [11-14], high-intensity, short-duration (HISD) electrical
pulses have been shown to promote electrically-triggered intra-cellular
calcium release [15-17], the destruction of micro-organisms [11,18],
and killing of tumor cells [11,19], and bring about DNA damage [20].
Typical pore diameters upon electroporation with HISD pulsing have
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been predicted to be on the order of 1.6 nm with about a 0.6 nm statis-
tical spread [12,13,21-25], and roughly verified by tracking transport of
fluorescent dyes through cell membranes [11].

Multiple experimental studies have demonstrated that the extracellu-
lar medium conductivity (0e) has an influence on the electroporation
phenomenon [26-30]. Though these studies were not conducted under
HISD conditions, they do probe the overall conductivity trend of the
same physical phenomena (i.e. electroporation). In this context, it may
be mentioned that in the above studies, the depletion of ions from the
medium was osmotically counterbalanced with neutral compounds
such as sucrose. Hence osmolarity was not a factor in influencing the elec-
troporation results. In addition, the decreased rates in poration efficiency
observed with reduced conductivity were reported to be higher for lower
medium conductivity (0.) values. A hypothesis that has been proposed
for explaining this 0. dependence is that the induced transmembrane
potential (TMP) depends on the conductivity of the extracellular medium
[31]. This is based on the notion that voltage drops across heterogeneous
segments depend on the local conductivities. Since the threshold for elec-
troporation can only be reached if the requisite TMP values are attained,
this is more easily achievable at higher values of o, which supports a
higher membrane voltage drop. With high extracellular medium conduc-
tivities, a larger fraction of the applied potential would be developed
across the cell membrane and its intracellular region, thus forcing larger
electroporation and ion flows.

The situation with regards to the effect of ionic strength on electropo-
ration may seemingly appear somewhat murky. An early report by Rols
and Teissie [32] indicated that in higher ionic strength mediums, perme-
abilization was enhanced and polyethylene glycol (PEG) molecules of a
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higher molecular mass were required in the extracellular medium to
block the entry of Trypan Blue in Chinese hamster ovary cells. A similar
conclusion was reported more recently [33], wherein decreases in
medium conductivity made it necessary to deliver electric pulses of
larger amplitude in order to achieve the same electroporative effect.
The studies by Suzuki et al. [34] again suggested the stronger role on
electroporation arising from a higher medium conductivity (e.g., Fig. 8 in
their referenced report). For example, the change in the electroporated
cell membrane conductance in low conductivity medium was observed
to be much smaller. However, a recent report by Li et al. [35] probed
transport of ions and the inflow of propidium iodide through porated
membranes on the extracellular conductivity based on a coupled
Nernst-Planck, Smoluchowski approach. Their theory and results
indicate that the transport of the ions or molecular delivery into
cells has the form: 30i/(20. + 0;), where ;. are the conductivities of
the intra- and extra-cellular media, respectively. Hence, a higher extra-
cellular conductivity (0.) would suggest a lower molecular delivery into
the cell. This apparent discrepancy is easily resolved once it is realized
that these various studies are essentially probing two separate aspects.
The throughput or inflow into cells depends on transport phenomena
such as electrophoresis, while poration is simply the initial stage of
cell membrane opening that then sets into motion the downstream
event of an inflow. These aspects are further discussed later in the
manuscript and any seeming discrepancies resolved.

A relatively recent study [36] shows that transient water pores can
be induced across a cell membrane by charge imbalance. These pores
have been predicted to form quickly on nanosecond time scales based
on molecular dynamic simulations. Under equilibrium conditions in
cellular membranes, the TMP values typically correspond to the average
ion concentration gradients which are sufficient to create voltage differ-
ences on the order of 100 mV across the membrane. However, in the
presence of a high-intensity external electric field (~100 kV/cm), local-
ized charge movements may presumably occur leading to the creation
of large perturbations in the local electric fields. Thus, the total driving
force seen by the membrane lipid chains could conceivably be altered
by the presence of mobile ions in the solvent, thereby creating a natural
dependence of medium conductivity on electroporation.

We focus on the effects of medium conductivity on electroporation
in response to high intensity (~100 kV/cm), ultrashort (~10-20 ns)
pulsing. Experimental studies of TMP generation and electroporation
due to such nanosecond pulsing have been reported [37]. In these situa-
tions the times scales are very short, and subsequently downstream pro-
cesses such as cell swelling due to unequal flows of ions and molecules
across the cell membrane [38,39], are irrelevant and play no role. We hy-
pothesis that mobile ions in the medium play a role in creating stronger
local electric fields across membranes that then reinforce and strengthen
the electroporation process. Our simulation results will also show that
interactions between cations (Na™ in this case) and the carbonyl oxygen
of the lipid headgroups can form complexes that likely impede pore
resealing. Hence, the long-lived pores that have recently been observed
in the context of high-intensity, nanosecond pulsing [40] could well be
a manifestation of such interactions.

2. Methods and model

The dynamics of pore formation in lipid cell membranes in response
to an externally applied electric field, in the presence of ions near the
membrane are studied based on molecular dynamic (MD) simulations
performed using GROMACS [41]. For accuracy, a small 2 fs time step has
been used. Typically, MD simulations in such situations are carried out
by selecting a segment of the lipid bilayer membrane and constructing
initial geometric arrangement of all the atoms and their bonding angles.
Here dipalmitoylphosphatidylcholine (DPPC) lipids were used for the
membrane. We used a DPPC bilayer consisting of 128 lipids with and
without ions to evaluate whether ionic gradients might aid in the pore
formation process. Na* and Cl~ ions were used in the extracellular

water. Regions of water are then defined on either side of the membrane
to form the total simulation space. The SPC model was used for the water
molecules. The electric field was applied in a direction perpendicular to
the bilayer-water interface (the z-direction). The force field parameters
were taken from the united atom field of Berger et al. [42]. Simulations
were at constant particle number and temperature (300 K), using a
Berendsen thermostat [43] with a coupling time constant of 0.1 ps for
DPPC and water. Our choice was based on conditions that are more in
tune with many of the experiments conducted, which have been around
room temperature. At this temperature chosen, the DPPC would be in the
gel phase since the phase transition of DPPC occurs around 314.4 K
[44-46]. Our relatively low temperature of 300 K represents a “worst-
case conservative” scenario in a way. The lower temperature would, if
anything, actually increase the electric field strength required for mem-
brane poration due to the higher membrane rigidity. On the other hand,
the effects of electrostatic interactions, both from the external electric
field and due to the ions in the vicinity of the membrane, would be stron-
ger at a higher temperature. Furthermore, Ziegler and Vernier [47]
demonstrated that the minimum porating electric field showed no corre-
lation in simulations carried out for temperatures between 280 K and 340
K. While some of the quantitative details concerning electroporation and
the membrane response could change at a different temperature, the
qualitative trends would remain. Semi-isotropic weak pressure coupling
(compressibility 4.5 x 10~ bar~ !, time constant 1 ps) was employed in
the lateral direction with pressure set to 1 bar in the x-y direction, with
no pressure coupling in the z-direction (normal to the water-DPPC in-
terface). Long-range electrostatic interactions were computed with a
particle mesh Ewald (PME) method [48] with a cutoff radius of 1 nm
and a grid of 0.15 nm. Periodic boundary conditions were used to
keep the particles within the simulation region as is usually done in
MD work. A 1 nm cut-off was used for the van der Waals interactions.
A 0.9/1.2 nm group based twin cutoff scheme was employed for the
Lennard-Jones interactions. The linear constraint solver (LINCS order
4) algorithm outlined by Hess et al. [49] was used to constrain all the
bond lengths within the lipids and on the water geometry.

For the system without any ions, there were 9376 water molecules
resulting in a total of 34,528 atoms in the system. Each DPPC molecule
consisted of 50 atoms in an all-atom model. The total size of the overall
simulated system was 6.36 nm x 6.38 nm x 10.59 nm. This chosen
volumetric geometry implies that 1 ion placed inside such a simulation
region roughly corresponds to a ~3.8 mM system. Though a fairly high
density, the MD simulations used here serve as an accelerated numerical
test to probe the potential role of ions present in the external medium on
pore formation. More realistic and lower concentrations would have
required much larger simulation times, and the overall process would
have become almost intractable given that multiple trials have to be
performed to obtain reliable statistical results. The biophysics and the
qualitative trends obtained here, however, are expected to be qualita-
tively correct. As is well known, the MD technique for any given simula-
tion scenario can yield results that depend on the initial values assigned,
specifically the molecular velocities. Here for statistical significance, a
total of six MD simulations were carried out with different starting
molecular velocities for the various conditions simulated and discussed
in the next section. The results shown in the next section represent
typical simulation outcomes. Plots of the trajectories and atomic config-
urations were obtained by using visual molecular dynamics (VMD) [50].

3. Results and discussion

The effects of ions in close proximity to a cell membrane on electropo-
ration were explored through MD simulations. Several different simula-
tions were carried out in which both the external electric field strength
and the number of ions present in the simulation system were varied in
different ways. The first set of simulations used 2 Na™ and 2 Cl™ ions
on each side of the DPPC membrane at an electric field of 0.45 V/nm.
The starting structure is shown in Fig. 1a with the yellow circles
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Fig. 1. MD simulations showing synergistic effects of ionic gradients (2Na*/2Cl™ ions) and ultra-short electrical pulses (0.45 V/nm for 20 ns) on a DPPC bilayer. (a) Starting structure of the
DPPC bilayer with 2 Na* and 2 CI~ ions. For clarity, DPPC molecules are shown as thin wires, while Na* and Cl~ ions are shown by yellow and blue circles, respectively. Water molecules
are shown in red-and-grey colors. Only 1 CI™ ion is visible in the figure. (b) The system at 1.5 ns, where water wires seem to result in pore initiation. (c) Snapshot at 4 ns, showing a stable
pore formation. (d) System at the end of the 20 ns pulse. As evident 1 Na™ ion appears to be trapped at the membrane-water interface region, while the 2nd Na™ ion stays within the

membrane-water interface region throughout the entire simulation run.

representing the Na™ ions, while ClI~ ions are shown in blue. Fig. 1b
shows a snapshot of the system at 1.5 ns, a time instant when the pore
just starts to form. At 4 ns, a stable pore seems to be in place as seen in
Fig. 1c. The final structure of the system at 20 ns is shown in Fig. 1d. An
interesting feature observed in this simulation is that the Na™ ions
seems to lie near the lipid headgroups and spends considerable time in
this vicinity. This kind of behavior (which is similar to trapping in some
way) has been reported in the literature [51,52]. In the case of Na™, the
cations can bind to sites such as the carbonyl oxygen atoms of the
headgroup. The forces which give rise to binding involve interactions
with the most polar regions of the headgroups. An average of 3 cations re-
portedly interact [52] leading to large complexes with reduced mobility
for Na™. In theory, the hydrogen ions present in the water (as H;0™)
can also bind with the lipids in a similar manner and hydrate the
headgroups. Such binding thus occurs at the outer leaflet.

In order to investigate the effects without ionic gradient, a separate
20 ns simulation was performed at the same electric field of 0.45 V/nm
but without any ions. Fig. 2a shows the starting structure, which is similar
to Fig. 1a. In this case, no signs of pore formation were seen at 10 ns for
this system without ions (Fig. 2b). Even after 15 ns, no pore or water-
wire was observed from the simulations. However, a few water

molecules did begin to pass through the lipid bilayer and a pore initiation
was observed at 15.5 ns as shown in Fig. 2c. Finally at 20 ns, a stable pore
appears as seen in Fig. 2d. Clearly from these results, ions seem to play a
very important role in the pore formation and significantly enhance the
poration rate.

Next, we studied the role of ions in resealing. To understand the
resealing effect, we carried out two more simulations, one with and
the other without any ions. For the first of the two simulations, a mem-
brane with a pore together with ions in the system was selected as the
starting structure. MD simulations for this system were carried out for
20 ns, without any external electric field, for initial stabilization.
Fig. 3a shows the starting structure. DPPC molecules are shown as thin
wiry chains, water molecules are shown in red-and-grey, Na* ions are
shown as yellow spheres, while the CI™ ions are shown in blue. The
system after 1 ns (Fig. 3b) shows the pore to be slightly constricted.
After around 5 ns, the constriction process appears to slow down, as
seen in Fig. 3c. At the end of the 20 ns simulation in Fig. 3(d), the pore
is seen to have grown slightly after the initial constriction, although
the size is not larger than its initial level of Fig. 3a. The pore size can
be gauged by a manual inspection, or more rigorously by keeping
track of the number of water molecules within the course of the
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Fig. 2. MD simulation results showing pore formation at 0.45 V/nm in a DPPC bilayer, with no ions in the system. DPPC molecules are shown as thin wires and water molecules are shown in
red-and-grey colors. (a) Starting structure of the DPPC bilayer. (b) System at 10 ns, with no signs of pore formation. (c) A 15.5 ns snapshot showing a pore starting to form. (d) Finally, a

stable pore appears to have formed at the end of 20 ns duration.

simulation over any specific chosen volume. The qualitative trends are
similar for both approaches. The ionic gradient thus seems to play a
role in keeping the pore at a somewhat wide level during the resealing
process. The alternate scenario of pore resealing without any ions
present in the system was next probed by MD simulations. The same
starting structure of Fig. 3a was used but with the Na™ and Cl~ ions re-
moved from the system. Snapshots after 1 ns and 5 ns, shown in Figs. 4b
and 4c, respectively, indicate a slight pore constriction. The situation
after 20 ns without any ions is shown in Fig. 4(d), and reveals a size to
be almost that at the end of 5 ns. Differences in pore sizes between
Figs. 3d and 4d are not very obvious and apparent. However manual in-
spection shows that the pore is slightly larger with ions. More specifically,
the number of water molecules for Fig. 3c was 631, while the number of
water molecules within the pore for Fig. 4d was slightly smaller at 613.
Furthermore, there is a slightly larger constriction in the middle of the
pore in Fig. 4d (without ions) than in Fig. 3d. Though the difference is
almost insignificant, a smaller number of water molecules were always
obtained in our simulations without an ionic gradient.

The above results can be understood in terms of the on-going molec-
ular interactions between the lipid headgroups and the ions. For in-
stance, interactions between sodium ions and the carbonyl oxygen of
the lipid headgroups would form complexes binding the hydrophobic
and hydrophilic regions of the membrane. This effective connectivity
within the membrane would likely impede pore resealing. Furthermore,

over time the H3O™" cations present in the water would tend to bind to
the carbonyl groups in much the same way as the Na™ ions. This binding
would lead to increased molecular densities of water within the pore, a
result that exhibits itself in our simulations as the pore size enhancement
with a higher water density as seen in Fig. 3(d). On the other hand, with
the absence of the binding Na™ cations, there is no particular formation
of rigid lipidic complexes. The natural relaxation and shrinkage of the
pore then proceed more naturally as might be expected. The process of
water expulsion and pore closure though is slow since energy is required
to drive the water out, and provided in part by the stored energy of the
deformed membrane.

Finally for concreteness, the movement of ions during the poration
process and interactions between ions and the lipid bilayer molecules
was probed more fully. In the set of snapshots shown in Fig. 1, the
passage of ClI™ ions is not clearly seen. Fig. 5 focusses more on this
ionic transport aspect. The Na* and Cl™ ions are on either side of the
bilayer, with a 0.45 V/nm external electric field applied at the start
(Fig. 5a). The system at 4 ns shows the CI™ ion starting to drift through
the pore in Fig. 5(b). The 6 ns snapshot shown in Fig. 5(c) reveals the
Cl™ ion drifting to the other side of the pore, and finally exiting the
membrane onto the other side at 7 ns. During these various times
however, the Na™ ions are seen to remain at the membrane-water
interface region. The strong interactive binding is obvious, and can
overcome the strong driving force from the external electric field.
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Fig. 3. Role of ionic gradients during the resealing process. DPPC molecules are shown as wiry chains, water molecules are shown in red-and-grey, Na™ ions are shown as yellow circles, while
the C1™ ions in blue circles are not seen in these views. (a) The bilayer system, starting with the pore obtained from the 0.45 V/nm simulation run with the 2 Na* and 2 C1™ ions. (b) System after
1 ns, with the pore seen to be slightly constricted. (c) At 5 ns, the constriction process appears to slow down. (d) System after 20 ns, with the pore having grown slightly after the initial
constriction, although the size is not larger than its initial level. The ionic gradient seems to play a role in keeping the pore slightly wider during the resealing process.

These results also show the relatively weak binding of CI~ with the lipid
molecules. The strong binding for Na™ is likely to lead to desolvation
and loss of its layers of water hydration, with possible injection into
the membrane pore region.

As a final point of discussion, we revisit the apparent discrepancy
arising from the report by Lin et al. [35]. Their study probed transport
of ions and the inflow of propidium iodide through porated membranes
on the extracellular conductivity based on a coupled Nernst-Planck,
Smoluchowski approach. Their theory and results indicate that the
transport of the ions or molecular delivery into cells has the form:
30i/(20e + 0;), where 0; . are the conductivities of the intra- and
extra-cellular media. Hence, a higher extracellular conductivity (o)
would suggest a lower molecular delivery into the cell. This apparent
discrepancy is easily resolved once it is realized that these various
studies are essentially probing two separate aspects. The throughput or
inflow into cells depends on transport phenomena such as electropho-
resis, while poration is simply the initial stage of cell membrane open-
ing that then sets into motion the downstream event of an inflow. Our
contention is that both the pore area density (i.e. degree of electropora-
tion) and membrane conductance will increase with higher extracellular
conductivity. In fact, this is also the exact conclusion reached by the
same group of Lin et al. [53] in a very recent report based on the

continuum theory. There is, thus no discrepancy. The molecular
throughput or flow, however, does depend inversely on the extracellular
conductivity, but this is not the focus of the present analysis.

A point for completeness, in the above regard is that the analysis by
Lin et al. [35,53] omitted the Navier-Stokes equations for the hydrody-
namic fluid fields which can also influence ionic translocation. Consider-
ation of the fluid flow (via the Navier-Stokes equations) is important
because application of an external electric field drives the ions in the so-
lution, which in turn, drag the surrounding fluid. This electrokinetic
manifestation of viscous drag is referred to as electroosmosis. In the
nanopore transport case considered here, there would be two distinct
types of movements: (a) Electrophoretic migration of ions in response
to an electric field, and (b) an electroosmotic flow (EOF) which is the
movement of the solvent due to the viscous drag from the flowing
ions. The major distinction between these two types of transport is
that cations and anions move in different directions in electrophoretic
migration, whereas EOF results in bulk fluid movement due to the
dominant motion of the ionic species having the greatest mobility and
concentration. Furthermore, since EOF is induced by the movement of
ions, it tends to collapse in pores for which the electric double layers
overlap significantly. In any case, a full discussion and evaluations of
ionic flow are beyond the present scope.
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Fig. 4. MD simulations of the resealing process without ionic gradients. (a) The same starting structure as shown in Fig. 3a, but with the Na™ and CI~ ions removed from the
structure. (b) System at 1 ns showing a slight pore constriction. (c) A 5 ns snapshot where the constriction process slows somewhat similar to the case with ionic gradients.
(d) Resealing after 20 ns, with the pore appearing to remain at about the same size as in Fig. 4c without any enlargement.

A few final comments are perhaps in order. First, sodium ions are not
unique, but were chosen here simply since they represent a common
example of an extracellular ion. Others such as Ca?>* could also have
been probed, but we believe that the additional additive contribution
from the electrostatics standpoint to electroporation would remain.
However, the use of different ions could in theory be a separate interest-
ing study to probe differences in electroporation rates or magnitudes.
Additional simulations could be done to confirm the effect of ions on
the membrane with specific experiments, including the role of ions in
mediated throughput into cells. The general agreement with the nu-
merous studies cited here (e.g., Refs. 26-30, 32-35, 49) does support
the present thesis. Second, the exact membrane response and details
surrounding the electroporation dynamics could change at a higher
temperature for which the membrane is not in the gel phase. However,
the underlying physics and the qualitative trends would likely remain.
Finally, it might be mentioned that the details of the poration dynamics
could also depend on the properties (such as the dipole potential)
of the membrane and the components of its hydrophobic tails
[54]. For instance, as shown recently by Polak et al. [54],
dipalmitoylphosphatidylcholine (DPPC), diphytanoyl-phosphocholine-
ester (DPhPC-ester), and diphytanoyl-phosphocholine-ether (DPhPC-
ether) based bilayers showed differences in the electroporation
thresholds.

4. Conclusions

In summary, the effect of ions present in the extracellular medium
on electroporation by high-intensity, short-duration pulsing was
studied through MD simulations. Over the short time scales, eventu-
al downstream processes such as cell swelling and unequal flows of
ions and molecules across the cell membrane would be irrelevant.
Though not exhaustive, our simulation results do suggest that
mobile ions in the medium play a role in creating stronger local elec-
tric fields across membranes that then reinforce and strengthen the
electroporation process. Much faster pore formation is predicted to
be another outcome in higher conductivity media. Our simulation
results also show that interactions between cations (Na™ in this
case) and the carbonyl oxygen of the lipid headgroups can form com-
plexes that likely impede pore resealing. Hence, the long-lived pores
that have recently been observed in the context of high-intensity,
nanosecond pulsing [40] could well be a manifestation of such
interactions.
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Fig. 5. Electrical field effects on Na™ and Cl™~ ions during nanopore formation. These snapshots are for the same run as Fig. 1, but focus on the Na™ and Cl~ ion movements during.
() The starting structure of the bilayer system at 0 ns. An electrical field of 0.45 V/nm was applied for 20 ns, with Na™ and Cl~ ions on either side of the bilayer. (b) System at 4 ns, where
the C1™ ion starts to drift through the pore. (c) A 6 ns snapshot showing the Cl™ ion drifting to the other side of the pore. (d) CI™ seen to go completely to the other side of the bilayer at 7 ns,

while Na™ is at the membrane-water interface region during the entire process.
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