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Abstract The permeability of cell membranes can be

transiently increased following the application of external

electric fields. Theoretical approaches such as molecular

modeling provide a significant insight into the processes

affecting, at the molecular level, the integrity of lipid cell

membranes when these are subject to voltage gradients

under similar conditions as those used in experiments. This

article reports on the progress made so far using such

simulations to model membrane—lipid bilayer—electro-

poration. We first describe the methods devised to perform

in silico experiments of membranes subject to nanosecond,

megavolt-per-meter pulsed electric fields and of mem-

branes subject to charge imbalance, mimicking therefore

the application of low-voltage, long-duration pulses. We

show then that, at the molecular level, the two types of

pulses produce similar effects: provided the TM voltage

these pulses create are higher than a certain threshold,

hydrophilic pores stabilized by the membrane lipid head-

groups form within the nanosecond time scale across the

lipid core. Similarly, when the pulses are switched off, the

pores collapse (close) within similar time scales. It is

shown that for similar TM voltages applied, both methods

induce similar electric field distributions within the mem-

brane core. The cascade of events following the application

of the pulses, and taking place at the membrane, is a direct

consequence of such an electric field distribution.

Keywords Millisecond pulse � Nanopulse �
Electric field � Nanopore

Introduction

Electroporation disturbs transiently or permanently the

integrity of cell membranes (Eberhard et al. 1989; Nickoloff

1995; Li 2008). These membranes consist of an assembly of

lipids, proteins and carbohydrates that self-organize into a

thin barrier that separates the interior of cell compartments

from the outside environment (Gennis 1989). The main lipid

constituents of natural membranes are phospholipids that

arrange themselves into a two-layered sheet (a bilayer).

Experimental evidence suggests that the effect of an applied

external electric field to cells is to produce aqueous pores

specifically in the lipid bilayer (Abidor et al. 1979; Benz

et al. 1979; Weaver and Chizmadzhev 1996; Weaver 2003;

Chen et al. 2006). Information about the sequence of events

describing the electroporation phenomenon can therefore be

gathered from measurements of electrical currents through

planar lipid bilayers along with characterization of molec-

ular transport of molecules into (or out of) cells subjected to

electric field pulses. It may be summarized as follows: the

application of electrical pulses induces rearrangements of

the membrane components (water and lipids) that ultimately

lead to the formation of aqueous hydrophilic pores (Abidor

et al. 1979; Benz et al. 1979; Weaver and Chizmadzhev

1996; Weaver 2003; Chen et al. 2006; Pucihar et al. 2006),
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whose presence increases substantially the ionic and

molecular transport through the otherwise impermeable

membranes (Pucihar et al. 2008).

The key features of electroporation are based on theories

involving stochastic pore formation (Chen et al. 2006). In

erythrocyte membranes, large pores could be observed using

electron microscopy (Chang 1992); but in general, direct

observation of the formation of nano-sized pores is not

possible with conventional techniques. Furthermore, due to

the complexity and heterogeneity of cell membranes, it is

difficult to describe and characterize their electroporation in

terms of atomically resolved processes. Atomistic simula-

tions in general, and molecular dynamics (MD) simulations

in particular, have proven to be effective for providing

insights into both the structure and the dynamics of model

lipid membrane systems in general (Tieleman et al. 1997;

Tobias et al. 1997; Forrest and Sansom 2000; Feller 2000,

2008; Tobias 2001; Mashl et al. 2001; Saiz and Klein 2002a;

Anézo et al. 2003; Berkowitz et al. 2006; Lindahl and

Sansom 2008; Edholm 2008; Marrink et al. 2009).

Recent studies have shown that the method is suitable for

investigating electroporation phenomena. Several MD simu-

lations have recently been conducted in order to model the

effect of electric field on membranes (Hu et al. 2005; Tieleman

2004; Tarek 2005; Bockmann et al. 2008; Ziegler and Vernier

2008), providing perhaps the most complete molecular model

of the electroporation process of lipid bilayers. This article

reviews the progress made so far using such atomistic simu-

lations to model lipid bilayer electroporation.

The effects of an electric field on a cell may be

described considering the latter as a dielectric layer (cell

surface membrane) embedded in conductive media (inter-

nal, cytoplasm; external, extracellular media). When rela-

tively low-field pulses of microsecond or millisecond

duration are applied to this cell (by placing, for instance,

the cell between two electrodes and applying a constant

voltage pulse), the resulting current causes accumulation of

electrical charges at both sides of the cell membrane. The

time required to charge the surface membrane is dependent

upon the electrical parameters of the medium in which it is

suspended. For a spherical cell it is estimated using

equivalent network RC circuits in the 100-ns time scale

(Hu et al. 2005; Beebe and Schoenbach 2005; Vasilkoski

et al. 2006; Sundararajan 2009; Deng et al. 2003). A

charging time constant in the range of hundreds of nano-

seconds was also obtained from derivations based on the

Laplace equation (see, e.g., Pauly and Schwan 1959 for the

first-order analysis on a spherical vesicle; Kotnik et al.

1998 for the second-order analysis; and Kotnik and

Miklavcic 2006 for the second-order analysis for two

concentric spherical vesicles, i.e., modeling an organelle).

If, on the other hand, the pulse duration is short enough

relative to the charging time constant of the resistive-

capacitive network formed by the conductive intracellular

and extracellular fluids and the cell membrane dielectric,

which is the case for nanosecond pulses, the electric field

acts directly and mainly on the cell membrane.

Simulations allow one to perform in silico experiments

under both conditions, i.e., submitting the system either to

nanosecond, megavolt-per-meter pulsed electric fields or to

charge imbalance, mimicking therefore the application of

low-voltage, long-duration pulses. Here, we describe the

results of such simulations, after a brief general introduc-

tion to MD simulations of membranes.

Materials and Methods

MD Simulations

The MD simulation presented here was carried out using the

program NAMD targeted for massively parallel architec-

tures (Kalé et al. 1999; Bhandarkar et al. 2002). The systems

were examined in the NPT (1 atm and 300 K) or NVT

(300 K) ensembles employing Langevin dynamics and the

Langevin piston method. The equations of motion were

integrated using the multiple time-step algorithm. A time

step of 2.0 fs was employed. Short- and long-range forces

were calculated every two and four time steps, respectively.

Chemical bonds between hydrogen and heavy atoms were

constrained to their equilibrium value. Long-range, elec-

trostatic forces were taken into account using a fast imple-

mentation of the particle mesh Ewald (PME) approach

(Darden et al. 1993; Essmann et al. 1995), with a direct space

sum tolerance of 10-6 and a spherical truncation of 11 Å.

Bond stretching, valence angle deformation, torsional

and nonbonded parameters and nonbonded interaction were

all extracted from the all-atom CHARMM force field

(MacKerell et al. 1998). For the lipid palmitoyl-oleyl-

phosphatidylcholine (POPC) we used the united atom

representation for the acyl chains.

Electrostatic Properties

The electrostatic potential, / zð Þ, along the lipid bilayer

normal, z, was derived from MD simulations using Pois-

son’s equation and expressed as the double integral of q zð Þ,
the molecular charge density distributions:

/ zð Þ ¼ /ðzÞ � /0 ¼
�1

e0

Z ZZ

0

q z00ð Þdz00dz0 ð1Þ

As a reference, /0 is set to zero in the upper bulk. Finally,

the transmembrane (TM) voltage was calculated as the

difference between the electrostatic potentials measured at

the upper and lower baths.
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The electric field profiles deriving from the charge dis-

tribution, called here ‘‘local electric fields,’’ were obtained

from the electrostatic profiles using o/ zð Þ=oz.

Three-dimensional (3D) maps of the electrostatic

potential characterizing the systems were generated by

solving numerically the Poisson equation. This calculation

was performed employing the PMEPot module of the

visualization program VMD (Humphrey et al. 1996).

Instantaneous values of the electrostatic potential were

averaged over 100-ps segments. The first derivative of the

electrostatic potential was evaluated using OpenDX (http://

www.opendx.org), an open–source visualization software

package, to yield the 3D maps of the electric field. The

electric properties of the bilayers described in this contri-

bution were visualized with OpenDX and the CMSP

Chemistry module (Gillilan and Wood 1995).

Modeling Membrane Electroporation

‘‘Molecular dynamics’’ refers to a family of computational

methods aimed at simulating macroscopic behavior

through the numerical integration of the classical equations

of motion of a microscopic, many-body system. Macro-

scopic properties are expressed as functions of particle

coordinates and/or momenta, which are computed along a

phase space trajectory generated by classical dynamics

(Allen and Tildesley 1987; Leach 2001) When performed

under conditions corresponding to laboratory scenarios,

MD simulations can provide a detailed view of the struc-

ture and dynamics of a macromolecular system. They can

also be used to perform ‘‘computer experiments’’ that

cannot be carried out in the laboratory, either because they

do not represent a physical behavior or because the

necessary controls cannot be achieved. Simulations are

usually performed on a small number of molecules (few

tens to few hundred thousand atoms), the system size being

limited, of course, by the speed of execution of the pro-

grams and the availability of computer power. In order to

eliminate edge effects and to mimic a macroscopic system,

simulations of condensed phase systems consider a small

patch of molecules confined in a central simulation cell and

replicate the latter using periodic boundary conditions

(PBCs) in the three directions of Cartesian space. For

membranes, for instance, the simulated system would

correspond to a small fragment of either a black film, a

liposome or multilamellar oriented lipid stacks deposited

on a substrate (Lindahl and Edholm 2000; Marrink and

Mark 2001).

Traditionally, phospholipids have served as models for

investigating in silico the structural and dynamic properties

of membranes. From both a theoretical and an experi-

mental perspective, zwitterionic phosphatidylcholine (PC)

lipid bilayers constitute the best-characterized systems

(Chiu et al. 1999; Rög et al. 2002; Saiz and Klein 2001;

Feller et al. 2002) (Fig. 1). More recent studies have con-

sidered a variety of alternative lipids, featuring different,

possibly charged, headgroups (Berkowitz and Raghavan

1991; Damodaran and Merz 1994; Cascales et al. 1996;

Mukhopadhyay et al. 2004; Chiu et al. 2003) and more

recently mixed bilayer compositions (Pandit et al. 2003;

Patel and Balaji 2008; Dahlberg and Maliniak 2008;

Gurtovenko and Vattulainen 2008; Vacha et al. 2009; Rog

et al. 2009; Li et al. 2009). Despite their simplicity,

bilayers built from PC lipids represent remarkable test

systems to probe the computation methodology and to

gain additional insight into the physical properties of

Fig. 1 a Configuration of a palmitoyl-oleyl-phosphatidylcholine

(POPC)-hydrated bilayer system from a well-equilibrated, constant-

pressure MD simulation performed at 300 K. Only the molecules in

the simulation cell are shown. Water molecules (O, gray; H, white)

and the phosphate (blue) and nitrogen (purple) atoms of the lipid

headgroups are depicted by their van der Waals radii, and the acyl

chains (cyan) are represented as sticks. b Number density profiles

(arbitrary units) along the bilayer normal, z, averaged over 2 ns of the

MD trajectory. The total density, water and hydrocarbon chain

contributions are indicated, along with those from the POPC

headgroup moieties. The bilayer center is located at z = 0 (Color

figure online)
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membranes (Tobias et al. 1997; Tobias 2001; Anézo et al.

2003; Chipot et al. 2005).

Up to recently, most membrane models consisted of

simulating fully hydrated, pure phospholipid bilayers,

without taking into account the effect of salt concentration

(see sections below). For such systems, the average struc-

ture of the lipid–water interface at the atomic scale may be

provided by the density distributions of different atom

types along the bilayer normal (Fig. 1), which can be

measured experimentally on multilamellar stacks by neu-

tron and X-ray diffraction techniques (Wiener and White

1992) as well as calculated from MD simulations. These

distributions highlight the composition and properties of

the membrane that appears as a broad hydrophilic inter-

face, with only a thin slab of pure hydrocarbon fluid in the

middle (Fig. 1). They indicate clearly the roughness of the

lipid headgroup area and how water density decays

smoothly from the bulk value and penetrates deeply into

the bilayer at a region delimiting the membrane–water

interface.

Electroporation Induced by Direct Effect of an Electric

Field

In the following we describe the methods/protocols and

results obtained from modeling the effect of a direct

electric field on lipid membranes. In simulations, it is

possible to apply ‘‘directly’’ a constant electric field, E~,

perpendicular to the membrane (lipid bilayer) plane. In

practice, this is done by adding a force, F~ ¼ qiE~, to all the

atoms bearing a charge, qi (Zhong et al. 1998; Yang et al.

2002; Tieleman et al. 2001; Crozier et al. 2001; Roux

2008). MD simulations adopting such an approach have

been used to study membrane electroporation (Hu et al.

2005; Tieleman 2004; Tarek 2005; Bockmann et al. 2008;

Ziegler and Vernier 2008) and lipid externalization (Ver-

nier et al. 2006a), to activate voltage-gated K? channels

(Treptow et al. 2004) and to determine the transport

properties of ion channels (Aksimentiev and Schulten

2005; Khalili-Araghi et al. 2006; Sotomayor et al. 2007;

Chimerel et al. 2008). Quite noticeably, these protocols

were initially applied in simulations of membranes to study

classical electroporation. It was only later that it became

possible experimentally to use nanosecond pulses. It turns

out that such protocols model rather the effects of nano-

second, megavolt-per-meter pulsed electric fields that are

too short to charge the membrane capacitor. For practical

reasons and in order to avoid charge (ions) accumulations

when the field is applied, it is recommended that this

method be used when modeling lipid bilayers in the

absence of salts. Indeed, in contrast to experiments,

because of the small size of the systems (*10 nm in the E~

field direction), even nanosecond pulses can induce

‘‘notable’’ charge reorganization.

The consequence resulting from high electric field

application to the system stems from the properties of the

membrane and from the simulations setup conditions: pure

lipid membranes exhibit a heterogeneous atomic distribu-

tion across the bilayer, to which are associated charges and

molecular dipole distributions. Phospholipid headgroups

adopt in general a preferential orientation. For hydrated PC

bilayers at temperatures above the gel to liquid crystal

transition, the PC dipoles point on average 30� away from

the membrane normal (Tobias 2001; Saiz and Klein

2002b). The organization of the phosphate (PO4
-), choline

(N[CH3]3
?) and carbonyl (C=O) groups of the lipid

headgroup hence give rise to a permanent dipole, and the

solvent (water) molecules bound to the lipid headgroup

moieties tend to orient their dipoles to compensate the

latter (Gawrisch et al. 1992). The electrostatic character-

istics of the bilayer may be gathered from estimates of the

electrostatic profile, /(z), that stems from the distribution

of all the charges in the system.

For lipid bilayers, most of which are modeled without

consideration of a salt concentration, an applied electric

field acts specifically and primarily on the interfacial water

dipoles (small polarization of bulk water molecules). The

reorientation of the lipid headgroups appears not to be

affected at very short time scales (Tarek 2005; Vernier and

Ziegler 2007) and not to exceed a few degrees toward the

field direction at a longer time scale (Bockmann et al.

2008). Hence, within a very short time scale, typically few

picoseconds (Tarek 2005), a transverse field, E~, induces an

overall TM potential, DV (Fig. 2). It is very important to

note here that, because of the MD simulation setup (and the

use of PBCs), E~ induces a voltage difference, DV � E~
�� ��:LZ ,

over the whole system, where Lz is the size of the simu-

lation box in the field direction. In the example shown in

Fig. 2, Lz is *10 nm. The electric field (0.1 V nm-1)

applied to the POPC bilayer induces DV � 1 V.

MD simulations of pure lipid bilayers have shown that

the application of electric fields of high enough magnitude

leads to membrane electroporation, with a rather common

poration sequence: the electric field favors quite rapidly

(within a few hundred picoseconds) formation of water

defects and water wires deep into the hydrophobic core

(Tieleman 2004). Ultimately, water fingers forming at both

sides of the membrane join up to form water channels

(often termed ‘‘prepores’’ or ‘‘hydrophobic pores’’) that

span the membrane. Within nanoseconds, a few lipid

headgroups start to migrate from the membrane–water

interface to the interior of the bilayer, stabilizing hydro-

philic pores (*1–3 nm diameter) (Fig. 3). All MD studies

have reported pore expansion as the electric field was
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maintained. In contrast, it was shown in one instance

(Tarek 2005) that a hydrophilic pore could reseal within

few nanoseconds when the applied field was switched off.

Membrane complete recovery, i.e., migration of the lipid

headgroups forming the hydrophilic pore toward the lipid–

water interface, being a much longer process, was not

observed.

For typical MD system sizes (128 lipids, 6 9 6 nm

membrane cross section), most of the simulations reported

a single pore formation at high field strengths. For much

larger systems, multiple pore formation with diameters

ranging from a few to 10 nm could be witnessed (Tieleman

2004; Tarek 2005). Such pores are in principle wide

enough to transport ions and small molecules. One attempt

has so far been made to investigate such a molecular

transport under electroporation (Tarek 2005). In this sim-

ulation, partial transport of a 12 bp DNA strand across the

membrane could be followed. The strand was considered

diffused toward the interior of the bilayer when a pore was

created beneath it and formed a stable DNA/lipid complex

in which the lipid headgroups encapsulated the strand. The

process provided support to the gene-delivery model pro-

posed by Golzio et al. (2002), in which an ‘‘anchoring

step’’ connecting the plasmid to permeabilized cell mem-

branes takes place during DNA transfer assisted by electric

pulses and agrees with the last findings from the same

group (Paganin-Gioannia et al. 2011).

The electroporation process takes place much more

rapidly under higher fields, without a major change in

the pore-formation characteristics. The lowest voltages

reported to electroporate a PC lipid bilayer are *2 V

(Bockmann et al. 2008; Vernier and Ziegler 2007). Ziegler

and Vernier (2008) reported minimum poration external

field strengths for four different PC lipids with different

chain lengths and composition (number of unsaturations).

The authors found a direct correlation between the mini-

mum porating fields (ranging 0.26–0.38 V nm-1) and the

membrane thickness (ranging 2.92–3.92 nm). Note that

estimates of electroporation thresholds from simulations

should, in general, be considered only as indicative since

they are related to the time scale the pore formation may

take. A field strength threshold is ‘‘assumed’’ to be reached

when no membrane rupture is formed within the 100 ns

time scale.

Electroporation Induced by Ionic Salt Concentration

Gradients

In this section, we describe the methods/protocols and

results obtained from modeling the effect of a charge

imbalance. Such protocols aim at mimicking the effects of

low-field pulses of microsecond or millisecond duration

that result in an accumulation of electrical charges at the

cell membrane. Indeed, regardless of how low-intensity

millisecond electrical pulses are applied, the ultimate step

Fig. 2 Electrostatic potential

profiles,/ zð Þ, along the

membrane normal, z, of a POPC

lipid bilayer a at rest and

b subject to a transverse electric

field. Shown are the

contributions from water, lipid

and the total electrostatic

profile. Note that the TM

voltage, DV (potential

difference between the upper

and lower water baths), created

under electric field (b) is mainly

due to water dipole reorientation

Fig. 3 Configuration taken from an MD simulation of a large POPC

bilayer, subject to an electric field generating a TM potential of

*1.5 V after a 2 ns run. Note the simultaneous presence of water

wires and of large water pores stabilized by lipid headgroups
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is the charging of the membrane due to ion flow. Note that

here the ‘‘charging’’ of the membrane is not modeled.

Rather, the simulations are initiated by assuming that the

charging has already taken place, i.e., with a system

already set at a specific (selected) charge imbalance. Evi-

dently, in contrast to the previous protocol, here the

bilayers need to be modeled at a given salt concentration.

In a classical setup of membrane simulations and due to the

use of 3D PBCs, the TM voltage cannot be controlled by

imposing a charge imbalance across the bilayer, even when

ions are present in the electrolytes. Several MD simulation

protocols that can overcome this limitation have been

recently devised (Fig. 4).

The Double Bilayer Setup

It was indeed shown that TM potential gradients can be

generated by a charge imbalance across lipid bilayers by

considering an MD unit cell consisting of three saltwater

baths separated by two bilayers and 3D PBCs (Sachs et al.

2004) (Fig. 4a). Setting up a net charge imbalance, Q,

between the two independent water baths at time t = 0

induces a TM voltage DV by explicit ion dynamics.

The Single Bilayer Setup

Delemotte et al. (2008) introduced a variant of this method

where the double layer is not needed, avoiding therefore

the overcost of simulating a large system. The method

consists in considering a unique bilayer surrounded by

electrolyte baths, each of them terminated by an air–water

interface (Bostick and Berkowitz 2003). The system is set

up as indicated in Fig. 4b. First, a hydrated bilayer is

equilibrated at a given salt concentration using 3D PBCs.

Air–water interfaces are then created on both sides of the

membrane, and further equilibration is undertaken at con-

stant volume, maintaining therefore a separation between

the upper and lower electrolytes. A charge imbalance, Q,

between the two sides of the bilayer is generated by simply

displacing at time t = 0 an adequate number of ions from

one side to the other. As far as the water slabs are thicker

than 25–30 Å, the presence of air–water interfaces has no

influence on the lipid bilayer properties and the membrane

‘‘feels’’ as if it is embedded in infinite baths whose char-

acteristics are those of the modeled finite solutions. This

method was recently successfully applied to study transport

in ion channels (Delemotte et al. 2010, 2011; Treptow et al.

2009).

Extension to Liposomes

The availability of large computer resources has extended

the realm of simulations of membrane electroporation to

study systems large enough to allow modeling of small

liposomes. Figure 4c represents such a liposome con-

structed from a POPC bilayer and equilibrated in a

Fig. 4 MD simulation setups of three systems using the charge

imbalance method. a The double bilayer setup: two lipid bilayers are

separated by electrolyte baths at 1 M NaCl salt concentration. Note

that due to the use of PBCs (drawn box) the upper and lower

electrolytes are in contact. Q is imposed between the central water

bath and the two others. b The single bilayer setup: here, one single

bilayer is surrounded by water baths (maintained at 1 M NaCl). The

original MD cell represented the classical setup and the large cell that

allows for the creation of water–air interfaces. Q is imposed between

the lower and upper baths. c The liposome setup: a small, spherical

liposome is embedded in a 1 M NaCl electrolyte. Q is imposed

between the inner and outer water baths and 3D PBCs (drawn box)

are used
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200 mM NaCl salt solution. The system contains over

1,400 lipid molecules, forming a liposome of internal

diameter of 8 nm. The system size (210 9 210 9 210 Å3)

was chosen to be large enough to avoid interaction between

the central liposome and its replica, resulting in an overall

number of *890,000 atoms. In such a setup a charge

imbalance, Q, was imposed after the system equilibration

between the inner and outer sides of the liposome.

Figure 5 reports the electrostatic potential profiles along

the normal to the membrane generated from MD simula-

tions of a POPC bilayer in contact with 1 M NaCl saltwater

baths set at three increasing charge imbalances, Q, using

the single bilayer method. Here, the electrostatic profiles

are computed by considering also the charges of ions

present in the system. For all simulations, the profiles

computed at the initial stage show plateau values in the

aqueous regions and, for increasing Q, an increasing

potential difference DV between the two electrolytes

indicative of a TM potential.

Quite interestingly, the profiles show clearly that, in

contrast to the electric field case where the TM voltage is

mainly due to the water dipole reorientation (Fig. 2), most

of the voltage drop in the charge imbalance method is due

to a contribution from the ions. Indeed, the sole collapse of

the electrostatic potential due to the charge imbalance

separation by the membrane lipid core accounts for the

largest part of DV .

Using the charge imbalance setup, it was possible for the

first time to directly demonstrate in silico that the simulated

lipid bilayer behaves as a capacitor (Delemotte et al. 2008)

(Fig. 6). Simulations at various charge imbalances, Q, show

a linear variation of DV from which the capacitance can be

estimated as C ¼ Qs:DV�1, where Qs is the charge imbal-

ance per unit area. The capacitance values extracted from

simulations are expected to depend on the lipid composition

(charged or not) and on the force-field parameters used and

as such constitutes a supplementary way of checking the

accuracy of lipid force-field parameters used in the simula-

tion. Here, in the case of POPC bilayers embedded in a 1 M

solution of NaCl (Delemotte et al. 2008), the capacitance, C,

amounts to 0.85 lF cm-2, which is in reasonable agreement

with the value usually assumed in the literature, e.g.,

1.0 lF cm-2 (Roux 1997; Sachs et al. 2004) and with recent

measurements for planar POPC lipid bilayers in a 100 mM

KCl solution (0.5 lF cm-2).

For large enough induced TM voltages, the three pro-

tocols lead to electroporation of the lipid bilayer. As in the

case of the electric field method, for DV above 1.5–

2.5 volts, the electroporation process starts with the for-

mation of water fingers that protrude inside the hydro-

phobic core of the membrane. Within nanoseconds, water

wires bridging the two sides of the membrane under volt-

age stress appear. If the simulations are further expended,

lipid headgroups migrate along one wire and form a

hydrophilic connected pathway (Fig. 7).

Because salt solutions are explicitly considered in these

simulations, ion conduction through the hydrophilic pores

occurred following electroporation of the lipid bilayers.

Details about the ionic transport through the pores formed

within the bilayer core upon electroporation could be

gathered (Gurtovenko et al. 2010). The MD simulations of

the double bilayer system (Gurtovenko and Vattulainen

Fig. 5 Components of the electrostatic potential profiles, / zð Þ, along

the lipid bilayer normal, z, of a POPC membrane estimated from the

initial stage of MD simulations of the system at 1 M NaCl salt

concentration using the single bilayer method. z = 0 represents here

the center of the lipid bilayer, broken arrow indicates the location of

the bilayer–water interfaces and solid arrows show the locations of

the air–water interfaces. From a to c increasing amounts of net charge

imbalance Q between the lower and upper electrolytes induce TM

voltages (that may be estimated from the difference between the

electrostatic potentials of the two water baths) of increasing

amplitudes. Shown in the top panels are the contributions from lipid,

water and ions and in the lower panels the total electrostatic potential.

Note that the most of the TM voltage is due to the contribution from

ions
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2005; Kandasamy and Larson 2006), and the results pre-

sented here for the single bilayer setup and for the liposome

(Fig. 7) show that both cations and anions exchange

through the pores between the two baths, with an overall

flux of charges directed toward a decrease of the charge

imbalance. Ion translocation through the pores from one

bulk region to the other lasts from a few tens to a few

hundreds of picoseconds and leads to a decrease of the

charge imbalance and, hence, to the collapse of DV . Hence,

for all systems, when the charge imbalance reached a level

where the TM voltage was down to a couple of hundred

millivolts, the pores ‘‘closed’’ or ‘‘collapsed’’ in the sense

that no more ionic translocation occurred (Fig. 7f). The

final topology of the pores toward the end of the simula-

tions remained stable for time spans exceeding the 10-ns

scale, showing as reported in previous simulations (Tarek

2005) that complete recovery of the original bilayer

structure requires a much longer time scale.

Fig. 6 a Electrostatic potential, / zð Þ, across a POPC lipid bilayer for

different net charge imbalances, Q, between the upper and lower

electrolytes from MD simulations considering the setup of Fig. 5.

/ zð Þ is estimated as an in-plane average of the EP distributions

(Eq. 1). As a reference it was set to zero in the lower electrolyte. b
TM potential, DV , as a function of the charge imbalance, Qs, per unit

area. The capacitance (C) of the bilayer can be derived from the slope

of the curve

Fig. 7 Sequence of events following the application of a TM voltage

to a POPC lipid bilayer using the charge imbalance method (a–f).
Note the migration of Na? (yellow) and Cl- (cyan) ions through the

formed hydrophilic pores that are lined with lipid phosphate

(magenta) and nitrogen (blue) headgroup atoms. f The state of a

nonconducting pore reached when the exchange of ions between the

two baths lowered Q and therefore DV to values &200 mV is shown.

Topology of the nanometer-wide hydrophilic pores formed under high

DV imposed by the charge imbalance method in the planar bilayer (g)

and in the liposome (h). Blue arrows highlight the subsequent ionic

flow through the pores, and the yellow one indicates the expansion of

the pore as DV is maintained (Color figure online)
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Note that in order to maintain DV constant the modeler

needs to maintain the initial charge imbalance by ‘‘inject-

ing’’ charges (ions) in the electrolytes at a pace equivalent

to the rate of ion translocation through the hydrophilic

pore. This protocol is, particularly for the single bilayer

setup, adequate for performing simulations under constant

voltage (low voltage, millisecond duration) or constant

current conditions, which is suitable for comparison to

experiments undertaken under similar conditions (Kutzner

et al. 2011).

Discussion

MD simulations of lipid bilayers subject to high enough

TM voltages, regardless of how the latter are generated,

i.e., either by a direct electric field effect or by charging of

the membranes, undergo a similar cascade of events: within

a very short (nanosecond) time scale a defect in the

membrane manifested by the protrusion of water fingers

from the lipid headgroups/solvent forms in the lipid core.

When the TM voltage is maintained, these fingers span the

entire hydrophobic core, forming hydrophilic pores that are

later stabilized by lipid headgroups. The time scales asso-

ciated with each of these processes appear to be similar in

both protocols. Finally, when the pulses are switched off,

the pores collapse (close) within the same time scales.

Accordingly, the MD simulations show clearly that, at the

membrane level, the effects of nanosecond, megavolt-per-

meter pulsed electric fields and of low-voltage, millisecond

pulses are very similar. In the following we further inves-

tigate the molecular reasons leading to such similarities.

In order to determine the detailed mechanism of the pore

creation, it is helpful to probe the electric field distribution

across the bilayer, both at rest and under the effect of a TM

voltage. Figure 8a displays the electrostatic potential pro-

files for a lipid bilayer subject to increasing electric fields

that generate TM potentials ranging from 0 to *3 V. At

0 V, the lipid bilayer is at rest and the profiles reveal, in

agreement with experiments (Liberman and Topaly 1969),

the existence of a positive potential difference between the

membrane interior and the adjacent aqueous phases.

At rest, the voltage change across the lipid–water inter-

faces, the so-called dipole potential (Fig. 1), gives rise

locally to large electric fields. The latter, estimated simply as

o/ zð Þ=oz (in the present case up to 1.5 V nm-1), is oriented

toward the bulk, while at the center of the bilayer the local

electric field is null (Fig. 8b, c). When external electric fields

of magnitudes, respectively, of 0.06 and 0.30 V nm-1 are

applied, reorientation of the water molecules gives rise to

TM potentials of *0.75 and 3 V. Figure 8b, c reveals the

incidence of such reorganization on the local electric field

both at the interfacial region and within the bilayer core. In

particular one notes that the field in the membrane core has

Fig. 8 a Electrostatic potential profiles, / zð Þ, across a lipid bilayer

subject to electric fields of 0.0 VÅ
�1

(dotted line), 0.6 VÅ
�1

(thin line)

and 3.0 VÅ
�1

(bold line). Black arrows point to the location of the lipid

headgroups–water interface. b Corresponding electric field profiles

derived as o/ zð Þ=oz. c Two-dimensional (out of plane) map of the

electric field distribution at 0.0 VÅ
�1

. The local electric field direction

and strength are displayed as white arrows. Note that the larger fields are

located at the lipid–water interfaces and oriented toward the solvent. d
Two-dimensional (out of plane) map of the electric field distribution at

3.0 VÅ
�1

. Note the large fields located in the lipid core
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risen to a value of *1 V nm-1 for the highest DV imposed.

For the charge imbalance method, the overall picture is

similar (Fig. 9a, b), where again the TM voltages created

give rise to large electric fields within the membrane core,

oriented perpendicular to the bilayer.

Qualitatively, the electric field method and the charge

imbalance method result in a similar cascade of events that

take place at the membrane, which is a direct consequence

of such a field distribution. Indeed, water molecules, ini-

tially restrained to the interfacial region as they randomly

percolate down within the membrane core, are subject to a

high electric field and therefore inclined to orient their

dipole along this local field. These molecules can easily

hydrogen-bond among themselves, which results in the

creation of water files. Such fingers protrude through the

hydrophobic core from both sides of the membrane.

Finally, these fingers meet up to form water channels (often

termed ‘‘prepores’’ or ‘‘hydrophobic pores’’) that span the

membrane (Fig. 9c). As the TM voltage is maintained,

these water wires appear to be able to overcome the free

energy barrier associated with the formation of a water

molecule file that spans the bilayer (estimated to be

*108 kJ/mol in the absence of external electric field

(Marrink et al. 1996). As the electrical stress is maintained,

lipid headgroups migrate along the stable water wires and

participate in the formation of larger ‘‘hydrophilic pores,’’

able to conduct ions and larger molecules as they expand.

Evidently, reorientation of the lipids depends not only on

the net charges their headgroup carries, as has been shown

for negatively charged phosphatidylserines that can move

from one leaflet of the bilayer to the other, but also on the

nature of the tails (Vernier et al. 2009).

Conclusion

Currently, computational approaches remain potentially the

only techniques able to follow, at the atomic scale, the

local perturbation lipid membranes undergo when they are

subjected to external electric field. The results obtained so

far are believed to capture the essence of several aspects of

the electroporation phenomena in bilayer membranes and

could serve as an additional, complementary source of

information to the current arsenal of experimental tools. At

rest, i.e., before membrane breakdown, many characteris-

tics of the bilayer (e.g., hydrophobic core thickness, area

Fig. 9 a Electrostatic potential

profiles, / zð Þ, across a POPC

lipid membrane subject to a

charge imbalance (single bilayer

setup) before (solid line) and

after (broken line)

electroporation.

b Corresponding electric field

profiles. c Snapshot taken from

the MD simulation of the lipid

bilayer subject to a TM voltage

taken at the early stage of the

pore formation showing the

configuration of water

molecules represented as balls

and sticks (oxygen, gray) and

(hydrogen, white) forming a

continuous wire through the

hydrophobic core of the

membrane
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per lipid, intrinsic dipole potential, capacitance) are in

satisfactory agreement with experiments which indicate

that the force fields and protocols used in MD simulations

of lipid bilayers are rather well optimized. Despite their

intrinsic differences, all MD simulations of lipid bilayers

subjected to high enough TM voltages, regardless of how

the latter are generated, provide support to the stochastic

pore-formation theories in which the stress imposed on the

membrane is released thanks to formation of nanometer-

scale hydrophilic pores that span the lipid core. Quite

interestingly, it was shown that pore time formation is

similar for the electric field method and the charge

imbalance method (Vernier et al. 2006b). Hence, MD

simulations show clearly that at the membrane level the

effects of nanosecond, megavolt-per-meter pulsed electric

fields and of low-voltage, millisecond pulses are very

similar.

There are several points that need further investigation.

Perhaps the most important one is the interplay between

pore densities (number of hydrophilic pores per unit area

that can form) and transport rate that can be maintained at a

given imposed voltage or current condition. Simulations

have shown (Tarek 2005), as predicted (Lewis 2003), that

upon pore creation the electric field induces a significant

lateral stress, of the order of 1 mN m-1. It is unclear how

the induced lateral tension relaxes in a macroscopic system

when a voltage pulse is applied, which may have an inci-

dence on the density of pores that could nucleate.

Regardless of the topology of the bilayer, i.e., in planar

lipid membranes or in a liposome, one expects a strong

correlation between the size of the defect created, the

density of pores and the maintained electrical stress. Sim-

ulations of very large systems or those of liposomes

should in principle help us to characterize better such a

correlation.

It is undeniable that much more effort is still needed in

order to determine the cascade of events involved in more

complex events such as the transport of large molecules

across the membranes.
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