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Abstract A molecular dynamic approach was applied for

simulation of dynamics of pore formation and growth in a

phospholipid bilayer in the presence of an external electric

field. Processing the simulation results permitted recovery

of the kinetic coefficients used in the Einstein–Smolu-

chowski equation describing the dynamics of pore evolu-

tion. Two different models of the bilayer membrane were

considered: membrane consisting of POPC and POPE

lipids. The simulations permitted us to find nonempirical

values of the pore energy parameters, which are compared

with empirical values. It was found that the parameters are

sensitive to membrane type.

Keywords Molecular dynamic � Electroporation �
Einstein–Smoluchowski equation

Introduction

The phenomenon of electroporation (EP) consists of the

formation of pores in a cell membrane experienced by an

electrical or electromagnetic field of various amplitude,

duration, and frequency. The pore formation is accompa-

nied by opening numerous water bridges in the membrane.

With a hydrophilic water pathway across the hydrophobic

interface, different water-soluble molecules can penetrate

this barrier, which is totally prohibited otherwise.

Interest in this phenomenon is related to the possibility

of permeation of various molecules and other biological

objects such as genetic materials (Neumann et al. 1982;

Mir et al. 1999; Suzuki et al. 1998), antigens (Neumann

et al. 1999), viruses, and chemical reagents (Belehradek

et al. 1993; Mir et al. 1995) through the membrane pores

formed. This makes it possible to affect cell evolution

(Weaver 2000), to affect its genetic nature (Mir et al.

1999), and, if necessary, to promote its killing (Neumann

et al. 1999). Early experiments performed in the 1970s and

1980s (e.g., Kinosita and Tsong 1977; Neumann et al.

1982; Zimmermann et al. 1980; Zimmermann and Vienken

1982; Knight and Baker 1982) revealed that EP is not only

an effective tool for inserting drugs inside a cell, but also a

means for changing the genetic structure of the cell, which

allows elimination of undesired hereditary defects in a

living organism.

These studies were followed by the first experiments on

inserting genes into animal cells (Neumann et al. 1982;

Wong and Neumann 1982; Smithies et al. 1985; Potter

1988) and plant cells (Yang 1985; Fromm et al. 1986).

Along with a change in the genetic nature of a cell, EP

permits chemical reagents to act on tumor cells (Beleh-

radek et al. 1993; Heller et al. 1998; Mir et al. 1998; Panje

et al. 1998; Gehl and Geertsen 2000; Snoj et al. 2009),

killing them. One can now speak of a new direction in

chemotherapy: electrochemotherapy.

At present, directed EP-based methods have became

widespread in clinical and academic practice. Commercial
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devices providing a local action of DC or AC pulses of the

electrical field of variable amplitude, duration, and fre-

quency have been developed and tested (Marty et al.

2006). The parameters of the electric fields used vary

within a wide range. The applied electric field strength

varies from several kilovolts per centimeter up to several

hundred kilovolts per centimeter, and pulse duration and

frequency are changed from hundreds of femtoseconds to

hundreds of milliseconds, and from kilohertz to dozens of

kilohertz, respectively (Tekle et al. 2001; Deng et al.

2001; Pakhomov et al. 2007; Garner et al. 2007; Vernier

et al. 2004, 2009; Buescher and Schoenbach 2003). Sta-

tistically valuable results of tests have been obtained that

provide evidence of the effectiveness of EP in the treat-

ment of some kinds of cancer tumors (Nuccitelli et al.

2006). It has been demonstrated that the overall effect of

EP depends on pulse parameters (Canatella and Prausnitz

2001). The amplitude of the pulsed electric field promot-

ing the EP is inversely proportional to the size of cell. The

smaller the cell size, the higher is the necessary amplitude

of the field (Gehl 2003). At the same time, the use of

ultrashort pulses and high voltage results in organelle

poration and a change in the permeabilization of the

mammalian cell membrane (Pakhomov et al. 2007). Using

0.1–10 ms pulses with high field amplitude (kV/cm) pro-

vides the poration with effective transport through mem-

brane, and cells remain viable (Chang 1989; Canatella and

Prausnitz 2001). Enough long pulses (ms) at a low

amplitude (fraction of kV) enhance the transport through

membrane. The combination of short pulses of large

amplitude with long pulses of low amplitude permits high

permeability and effective transport of molecules such as

DNA (Rabussay and Widera 2002).

The further development of EP-based approaches to the

operation of a living cell calls for a deeper understanding of

the key attendant processes. Standard methods of experi-

mental investigation of these processes (see, e.g., Hibino

et al. 1991; Tekle et al. 1994; Gabriel and Teissié 1997;

Huang et al. 2003) do not sufficiently provide such an

understanding because both physical characteristics and the

time evolution of pores cannot be determined with suffi-

cient accuracy. Therefore, many details of the EP mecha-

nism remain unclear, thus creating a demand for the

development of theoretical models.

The main problem arising in the theoretical description

of pore evolution in the presence of an external electrical

field relates to an evaluation of the time-dependent pore

size distribution function (PSDF). The main approach to

this problem is based on the solution of the Einstein–

Smoluchowski equation for PSDF. Pore evolution proceeds

as a stochastic process that may be described through a few

energy parameters (Pastushenko et al. 1979; Abidor et al.

1979). These parameters are usually chosen empirically by

fitting calculated results and experimental data. Such an

approach promotes an understanding the physical mecha-

nisms responsible for the interaction between the electrical

field and the cell membrane. However, the experimental

data can only be compared with the results of a sophisti-

cated multistep calculation procedure, which involves

many fitting parameters.

Several recent publications, however, have been devoted

to molecular dynamic (MD) simulations of the EP process

(Tieleman et al. 2003; Tarek 2005; Hu et al. 2005;

Boeckmann et al. 2008; Vernier et al. 2009; Levine and

Vernier 2010; Sun et al. 2011), describing at the molecular

level the pore creation process and their subsequent evo-

lution. Disadvantages of the MD approach relate to a rather

high computing time cost and a sensitivity of calculation of

results to the form of the intermolecular interaction

potential and to the number of particles involved in the

simulation model. Therefore, despite the importance of the

EP problem for medicine and physiology—as well as the

numerous practical advances in the use of EP in medicine

and gene engineering—the interconnections between

parameters of the electrical field applied to a cell of a

specific nature and the time evolution of the size of

membrane pores remain empirical. This hampers an

understanding the mechanisms of interaction of the elec-

trical field with lipid structures and hinders the further

development of EP-based methods of cell control. The

absence of a comprehensive theory of EP is caused by the

extraordinarily sophisticated and not yet fully established

structure of cell membranes. Lipid molecules incorporated

into the cell membranes present macromolecular com-

pounds that consist of many thousands of atoms, with

adducts of various charges and orientations. Direct simu-

lation of such structures (Tarek 2005; Breton et al. 2012)

results in insuperable calculation difficulties, which are

compounded by uncertainties in the parameters of lipid

molecules (Dickey and Faller 2008).

In order to overcome the above-mentioned disadvan-

tages of the existing approaches to describing the electrical

field-induced pore evolution, we propose to combine them.

Here we use the MD simulation for evaluation, in a non-

empirical way, of the key parameters used in the stochastic

model for the description of PSDF evolution. First we

determine the principal parameters that determine pore

evolution within the framework of the stochastic process

and effective potential. Then the atomic description of a

pore is clarified and details of the MD simulation are

addressed. Next, the ways to extract the data of interest

from the MD trajectory are elaborated and the results of the

implementation of these algorithms are provided. Finally,

we discuss the obtained results.
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The pore evolution

The process of pore creation and growth is essentially

stochastic. The time evolution of the PSDF n(r,t) is usually

represented as a diffusion process in some potential, which

can be expressed through the Einstein–Smoluchowski

equation (Abidor et al. 1979; Pathria 1972):

onðr; tÞ
ot

¼ D

kBT

o

or
nðr; tÞ oWðrÞ

or

� �
þ D

o2nðr; tÞ
or2

� �
þ SðrÞ;

ð1Þ

where r is the radius of a pore, D is the diffusion

coefficient, and kB and T represent the Boltzmann constant

and temperature, respectively. The overall process is

governed by two functions: the energy of the hydrophilic

pore W(r) and the pore creation rate S(r). The hydrophilic

potential W(r) can be attributed to the energy difference

between the membrane with a pore and the membrane

without any defects in it. This potential is usually

expressed as (Abidor et al. 1979; Weaver and Mintzer

1981; Neu and Krassowska 1999)

WðrÞ ¼ 2pcr � prr2 þ C

r

� �4

�papV2r2: ð2Þ

Here c refers to the edge energy of the pore, r is the

energy per unit area for intact membrane, ap is

the capacitance per unit area of the pore, V represents the

transmembrane potential, and the term controlled by

parameter C is responsible for the repulsion between

lipid heads covering the pore interior. The characteristic

behavior of the hydrophilic potential (Eq. (2)) is presented

in Fig. 1 for various values of the transmembrane potential,

with typical values of the potential parameters from the

works of Freeman et al. (1994) and Sugar (1979):

c ¼ 1:8 � 10�11 J=m; r ¼ 10�3 J=m2; C ¼ 9:7 � 10�15

J1=4m; ap ¼ 0:069 F/m2. The dash-dotted line in Fig. 1

indicates the potential of the hydrophobic pore (Isambert

1998). The processes of pore formation and evolution

under the electric field go from the changing of the inner

structure from hydrophilic to hydrophobic type (see the

crossing of lines 1 and 2 in Fig. 1) and further growth in the

potential, which depends on the value of the applied

transmembrane potential (Fig. 1, lines 1–3). The presence

of the local minimum (about 1 nm), where the intermediate

state of the pore can be stabilized, also depends on the

absolute value of V.

The total effect is controlled by the rate of pore growth

and the rate of pore creation. The latter represents a process

of sharp electrical breakdown of the intact lipid membrane.

Details of this process at the molecular level are still not

well established. In past several decades, the event of pore

birth was accounted for as a purely stochastic motion of the

lipid molecules constituting the membrane. However, more

recent studies that invoke MD simulations indicate that the

process of pore creation is composed of a number of suc-

cessive steps of different nature (Levine and Vernier 2010).

We do not deal with the phenomenon of pore creation in

the present study. Instead, we focus on the growth of a pore

after it has appeared, so the last term in Eq. (1) will be

omitted henceforth. Our main goal is to determine the

functional form of W(r) and the value of the diffusion

coefficient D. Such numerical estimates seem to be novel

and provide new reasoning for the existing model ideas in

the theoretical description of EP.

Methods

Definition of the Model

In order to describe the pore growth via the MD simulation

in terms of the continuous dielectric theory, one needs to

establish the interconnection between the continuous geo-

metrical objects and discrete particle distribution. We use

the following approach. The lipid bilayer of phosphati-

dylcholine (POPC) and phosphatidylethanolamine (POPE)

is regarded as a model of the membrane (Hu et al. 2005).

The boundary between the lipid bilayer and the surround-

ing water is defined through the position of some repre-

sentative point in the lipid head group. The position of the

phosphorus atom will be used further at this point (Levine

and Vernier 2010). Although these atoms undergo strong

thermal fluctuations, the average boundary surface can be

plotted (Fig. 2). This surface specifies two parallel planes

as a border of the flat membrane and some region of space
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Fig. 1 Hydrophobic (1) and hydrophilic pore potentials for three

different voltages applied to the membrane: (2) 0 V, (3) 0.25 V and

(4) 0.5 V
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that is contained between these planes as an inner volume

of the pore. Strictly speaking, a pore has an irregular shape,

although for rough consideration it can be represented as an

object with an axial symmetry. The cross-sectional diam-

eter of a pore is not constant, which can be easily seen in

Fig. 2.

In the following text, we will take the quantity r as an

estimate for the pore radius (Fig. 2). The r represents the

radius of the complex pore shape in the middle of

the bilayer, i.e., in the narrowest place. To compute the

instantaneous value of r from the position of all atoms at

the given MD trajectory step, one needs to sample all the

phosphorus atoms located in the limit of the predefined

distance h0 from the middle of the membrane (filled with

gray in Fig. 2). The projection of these points on the x–y

plane, which is parallel to the bilayer, forms an irregularly

shaped circle. Then this projection is approximated by a

circle via the least squares method. The value of r is

defined as the radius of this circle.

It should be noted that the pore radius defined as

described above may not be equal to that in the continuous

model. The first physical reason is that the quantity r in

Fig. 2 corresponds to the most narrow place, so the

effective radius can be larger. The second reason is that the

construction of the dividing surface in Fig. 2 is based on an

arbitrarily chosen atom type (phosphorus). If another

choice is made (e.g., nitrogen), the radius can differ. To

treat these ambiguities, we propose to regard the effective

pore radius ~r (used in the continuous model) as ~r ¼ r þ d;
where d is a constant correction. Within such an approach,

all derivatives with respect to r remain the same, but only

the radius itself is indefinite. To obtain its precise value,

some considerations beyond the current simulation must be

provided. Or if the desired result is not very sensitive to r,

all calculations can be done without any correction, as the

value of d is expected to be not very large compared to the

radius.

Simulation Details

All the MD simulations were performed by Gromacs

software, version 4.5.4 (van der Spoel et al. 2010). OPLS

(optimized potentials for lipid simulations) force field–

united atom parameters modified by Berger et al. (1997)

were used for lipid molecules, while the simple point

charge model (Berendsen et al. 1981) was used for water.

The initial structure and topology files for the POPC

bilayer were borrowed from Peter Tieleman of the Uni-

versity of Calgary (http://moose.bio.ucalgary.ca).

The system consisted of 128 POPC molecules arranged

in the bilayer orthogonal to the z axis. The total number of

water molecules was 6,606 (*50 molecules per lipid). The

calculations involved four steps. In the beginning, the

system was equilibrated for about 1 ns. At that stage, an

average area per lipid was 0.68 nm2, which slightly

exceeded the measured value 0.65 nm2 (Lantzsch et al.

1994). After that, an external electrostatic field of magni-

tude 0.3–0.5 V/nm was applied, so the pore creation pro-

cess was observed during about next 3 ns. The direction of

the electric field coincided with the membrane-surface

normal z. The calculation time of pore formation was

determined by two factors: the narrowest radius of the pore

in the membrane layer plane should be larger then that of

quasi-equilibrium state; and the largest distance between

lipid head group from opposite sites of the formed pore is

significantly less than the simulation slab scale of 6–9 nm.

After its completion, on the third stage, the field was turned

off, and the pore started to shrink. The characteristic

timescale of the radius decay was about 300 ps, so after

2 ns of simulation, the pore seemed to reach its equilibrium

state of minimum radius (this state corresponds to the local

minimum of the function W(r) in Fig. 1). A decision about

Fig. 2 Cross section of a transmembrane pore and definition of the

underlying geometrical parameters. Schematic representation (top)

and snapshot from an MD simulation (bottom) for the POPC bilayer
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reaching the quasi-equilibrium state was taken from an

analysis of the variation of the pore radius vs. time, in

accordance with the procedure described above. Ten initial

configurations were extracted from this 2 ns trajectory

where the system is in a state of quasi-equilibrium. As the

last step, the configurations of the system obtained were

used as the initial state for the MD simulations.

Lipid bilayer and surrounding water were separately

coupled with a velocity rescaling thermostat (Bussi et al.

2007) having a reference temperature of 310 K and a

relaxation time of 0.2 ps. The system was also coupled

with a semi-isotropic weak coupling barostat (Berendsen

et al. 1984) at 1 atm with a relaxation time of 2 ps and

isothermal compressibility of 4.5 9 10-5 bar-1 in the x–y

plane and 0 bar-1 along the z axis (Hu et al. 2005). All the

short-range interactions were cut off at 1.2 nm. The long-

range part of the electrostatic interactions was calculated

by the particle-mesh Ewald algorithm (Darden et al. 1993).

Bond lengths were constrained using the SETTLE algo-

rithm (Miyamoto and Kollman 1992) for water molecules

and LINCS algorithm (Hess et al. 1997) for lipids. Each

simulation run produced a 2 ns trajectory. The time step of

MD simulations was 2 fs, the list of nearest neighbors was

updated every ten steps, and the positions of all atoms in

the system were stored every 50 steps.

Calculations of the pore radius were performed with the

aid of the specially created VMD (Humphrey et al. 1996)

script. The distance parameter h0 = 20 Å was used.

Calculations were performed on the Kurchatov Institute

cluster HPC1 (http://computing.kiae.ru/resources/hpc1),

which consisted of 336 nodes of an Intel Xeon (2.33 GHz).

Every MD trajectory was calculated using 48 nodes for a

characteristic time of 1–5 ns that demanded about 2–10 h

of calculation time at an average performance of 55

gigaflops. Time accounting shows that the main resources

were spent for the neighbor search procedure and for cal-

culation of the force in the framework of the particle-mesh

Ewald method.

Estimation of the Pore Potential via the MD Simulation

Drift of a Brownian Particle in an External Potential

Suppose we have an ensemble of particles that can diffuse

in the potential W(r). If at time t = 0 all the particles are at

the same point r0, then their distribution function has the

form n(r, t = 0) = d(r - r0) and its time evolution can be

expressed as (Gardiner 2004)

nðr; tÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2pDt
p exp �ðr � r0 � vtÞ2

2Dt

" #
; ð3Þ

where

v ¼ � D

kBT
rWðrÞ: ð4Þ

Equation (3) describes the motion of mean value r with

velocity v, along with the diffusion process in the shifted

coordinate r0 ¼ r � vt: This behavior is valid when the

radius dependence of rWðrÞ is negligible.

Multiplying both sides of the Eq. (1) by r and integrating

from 0 to infinity, we obtain

o rh i
ot
¼ � D

kBT
rWðrÞh i; ð5Þ

where � � �h i denotes the averaging over r. When the dis-

tribution function has the form of a single sharp peak and

W(r) can be regarded as a linear function within this peak,

we can replace the averaged quantities in Eq. (5) by their

local counterparts, e.g., taken from the point of the maxi-

mum of n(r,t).

When the magnitude of the electric field applied to the

lipid membrane is large enough, the local maximum of the

function W(r) vanishes (Fig. 1), so all the pores located at

rmin increase their size monotonically (disregarding diffu-

sion behavior at small distances). Given a set of MD tra-

jectories describing such a process, one can evaluate the

function rðtÞh i. Although this function has a linear form,

expression (3) holds, and the value of the diffusion coef-

ficient can be derived from the time dependence of the

radius mean square displacement:

ðr � vtÞ2
D E

¼ Dt: ð6Þ

Then the gradient of the pore energy potential W(r) can

easily be obtained from Eq. (5).

Diffusion as a Random Walk Process

The time dependence of the pore radius is an essentially

continuous function. But if regarded as an array of values

taken at a discrete set of time moments ti (which is always

the case in the MD simulation), the function r(ti) represents

a realization of the random walk process. If the time

interval between two subsequent steps Dt is large enough,

then this process is also Markovian. The most general way

to describe the Markovian process in terms of the distri-

bution function is by the Fokker–Planck equation (Gardiner

2004):

onðr; tÞ
ot

¼ � o

or
K1ðr; tÞnðr; tÞ½ � þ o2

or2
K2ðr; tÞnðr; tÞ½ �: ð7Þ

This expression reduces to Eq. (1) if the drift parameter

K1 r; tð Þ and diffusion parameter K2 r; tð Þ are defined as

K1ðr; tÞ ¼
D

kBT
rWðrÞ; K2ðr; tÞ � D:
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These quantities relate to the first and second moments

of the distribution function:

K1ðr; tÞ ¼
1

Dt

Z1

0

ðr0 � rÞp r0; t þ Dtjr; tð Þdr0; ð8Þ

K2ðr; tÞ ¼
1

Dt

Z1

0

r0 � rð Þ2p r0; t þ Dtjr; tð Þdr0: ð9Þ

These integrals can be calculated numerically by

dividing the r axis into the bins and subsequently

collecting the indices of starting bins and magnitudes for

all jumps (events of radius change). The values of functions

K1 rð Þ and K2 rð Þ in the bin i are equal, correspondingly, to

the mean value and mean square value of the radius change

for all the jumps starting from this bin, divided by the time

step. The functions K1 rð Þ and K2 rð Þ are supposed to be

time independent, which is always the case for diffusion

processes without explicit time dependence of the

potential.

Parameters of the Pore Energy Function

In the absence of the external electric field, the system

exists near the minimum of the W(r). In this region, the

second term of Eq. (2) is at least in 20 times less than the

other two (r ¼ 10�3 J=m2; Freeman et al. 1994), so this

expression can be written as

WðrÞ ¼ 2pcr þ C

r

� �4

: ð10Þ

If we denote

x ¼ d2WðrminÞ
dr2

;

we can express the remaining parameters of W(r) as

follows:

c ¼ 1

10p
xrmin; ð11Þ

C ¼
ffiffiffiffiffi
x
20

4

r
rminð Þ

3
2: ð12Þ

The values of x and rmin can be obtained from the MD

simulation through the calculation of the moments of the

distribution function (see Eqs. (8) and (9)). For example,

the behavior of the first moment K1 rð Þ near the minimum

of W(r) determines both values of rmin and of [d2W(rmin)]/

dr2, in the absence of the electric field, while the mean

square displacement of the pore radius gives an effective

diffusion coefficient D in case of a high value of the

electric field of 2pc� apV2r. Whether found parameters

of the pore potential W(r) are local or whether their values

can be safely extrapolated to the region of larger radii will

be discussed below.

Results

Calculations with Finite Field Intensities

A set of MD trajectories was obtained for the applied

electrical field strengths of 0.3 and 0.5 V/nm (Fig. 3). The

corresponding r(t) curves are arranged in the narrow beam

around their average value rðtÞh i. It can be easily seen that

rðtÞh i has a linear region at short times. This fact allows the

use of Eqs. (3)–(6) within this time interval. It can be also

noted that for sufficiently high transmembrane potential V,

the functional form W(r) implies an accelerated pore

growth. However, the computed value rðtÞh i has a linear

time dependence at the initial interval and decelerates after

that. At long times, the pore radius approaches its asymp-

totic value, which is about half of the box side (*30 Å).

This effect is the essential consequence of the limited box

size used in the simulations. It is significant to note that this

limitation does not affect the calculation because the dif-

fusion coefficient is determined by the mean square dis-

placement of pore radius at the initial stage of pore

evolution near rmin.

The mean square displacement of all the MD trajectories

from their average value is shown in Fig. 4. During the first

100–150 ps, the calculated points coincide well with the

linear trend for both field intensities. In this region, the

model of a Brownian particle drifting in the linear external

potential is physically meaningful, and Eq. (6) provides a

simple way to determine the value of the diffusion

Fig. 3 Time evolution of the pore radii. The thick line represents the

average value; the results for ten independent MD trajectories are

shown by dotted curves
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coefficient. From the slope of the line in Fig. 4, one can

find D ¼ ð2:1� 0:1Þ 	 10�11 m2=s for the case of

E ¼ 0:3 V/nm and D ¼ ð2:6� 0:1Þ 	 10�11 m2=s for the

case of E ¼ 0:5 V/nm.

Thermal Fluctuations

The above-described algorithm of the pore radius calcula-

tion implies that the obtained value is a linear function of

the coordinates of the phosphorus atoms in chosen lipid

molecules. It is thus subjected to permanent thermal fluc-

tuations, which are inevitable for the motion of these

molecules. Thermal motions in the system are represented

by the vibrations of the atoms around their current equi-

librium positions. Such motions appear as a high-frequency

addition to the diffusion process, which in turn is dictated

by the random displacement of the centers of equilibrium

occurring at a larger timescale.

Thermal fluctuations distort the Markovian behavior of

the function r(t) at short times, so they must be eliminated

in order to obtain parameters for the diffusion process. One

way to do this is to smooth the curve r(t) over some core. If

m is the number of the points in the given core, then the

smoothed function rsm(t) is defined as

rsm tj
� �
¼ 1

m

Xm

i¼1

r tj
� �

Thus the total number of points in the array rsm(tj) is m

times lesser than that in the original array r tið Þ. The result

of such a procedure is shown in Fig. 5, where the core size

is expressed in terms of the corresponding time interval.

Although the sampling is not good enough to produce

reliable curves K1 rð Þ and K2 rð Þ, the radius-independent

values K1 and K2 have been obtained by averaging over the

initial linear interval 0–120 ps. The shift parameter K1 is

almost independent of the core size, as there is no preferred

direction for thermal fluctuations. Conversely, the mean

square displacement K2 is strongly affected by this effect

and reaches its asymptotic value only for a smoothing core

of 10 ps and more.

Calculations with Zero Field Intensity

The shape of the radial dependence of the pore energy W(r)

near the minimum can be extracted from the simulation

without external field (see Eqs. (11) and (12)). The

Fig. 5 Dependences of the Fokker–Planck parameters K1 and K2 of

the time interval used to average the initial data obtained from the

MD simulations. The dotted line represents an asymptotic value of K2

determined from Eq. (6). The external electric field is 0.3 V/nm

Fig. 4 Mean square displacement of the pore radius as a function of

time (see Eq. (6))

Fig. 6 Drift parameter K1 as a function of radius. A point of the

intersection of the curve with the x-axis defines rmin, the minimum

point of the potential W(r)
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behavior of K1 rð Þ is shown in Fig. 6. The point rmin cor-

responds to the zero value of the function rWðrÞ and

consequently K1 rð Þ. The pore radius distribution function

has a peak near the minimum of W(r), so the sampling

needed for the calculation of integral (8) provides quite

smooth curve. At the larger distances, vast fluctuations

occur. Moreover, the central curve perfectly fits a linear

approximation (shown by a dotted line in Fig. 6) and serves

as a solid basis for determination of the second derivative

of W(r).

The above-mentioned effect of thermal fluctuations

hinders the determination of the diffusion coefficient. It can

be easily seen from the fact that the mean square dis-

placement within minimal smoothing core duration of

10 ps is comparable with the total width of the equilibrium

distribution, so the value of K2 after the smoothing pro-

cedure is strongly affected by the limited width of the

potential well. K1 rð Þ does not suffer from thermal fluctu-

ations, and the curve in Fig. 6 can be easily plotted. The

slope of this curve determines the second derivative of the

function K1 rð Þ near the minimum. Previous calculations for

nonzero external field provide the value of the diffusion

coefficient, so the shift coefficient is determined by W(r).

Then the parameters of this function are extracted via Eqs.

(11) and (12). The obtained values are shown in Table 1,

along with the diffusion coefficient.

Sensitivity to the Type of Bilayer and the Force Field

Model

In order to estimate the sensitivity of obtained results to

the type of the membrane, similar calculations were

performed for the POPE bilayer. Initial structure and

topology were taken as in the case of POPC from the

source (http://moose.bio.ucalgary.ca). This system con-

sisted of 340 molecules and 6,729 water molecules

forming a bilayer. The simple point charge model was

used for water. Other calculation parameters and the

methodology used were similar to those described above

for POPC bilayer calculations. The equilibrated configu-

ration of the system was subjected to the external uniform

electric field. In contrast to POPC results, it was found

that poration does not occur when the initial value of the

electric field is below 0.5 V/nm. The pore formation takes

place for a characteristic time—about 4 ns at an electric

field of 1 V/nm. Evolution of the pore nucleus was

investigated after equilibration of the pore formed.

Equilibration time was 2 ns. Investigation of the pore

growth was further carried out at an electric field of

0.3 V/nm. Evolution of the pore radii is shown on the

right side of Fig. 7. Comparison of the calculations for

POPE and POPC bilayers shows that the rate of the radii

growth in the first case is much smaller than in the second

one. For example, the initial rate of the pore radii growth

is 13 and 1 Å/ns for POPC and POPE bilayers, respec-

tively. The possible reasons why this is so are discussed

next; it is probably concerned with the difference in

structure of the POPC and POPE membranes.

The mean square displacement of MD trajectories (15

trajectories for POPE bilayer) from their average value is

shown on the left side of Fig. 7. A linear time dependence

is observed for the initial 500–700 ps, which can be treated

as particle drifting. In this case, the effective diffusion

coefficient can easily be determined from the slope, which

results in D ¼ ð8:5� 0:2Þ 	 10�13 m2=s. This value is

Table 1 Parameters of the poration model: calculated values and previous estimates

Parameter Symbolic name Calculated value Model estimate References

Diffusion coefficient (m2/s) D 2.5 9 10-11 POPC,

8.5 9 10-13 POPE

5 9 10-14 Freeman et al. (1994)

Edge energy of a pore (J/m) c 1.3 9 10-9 1.8 9 10-11 Freeman et al. (1994) and Glaser et al. (1988)

Constant in a repulsive term (J1/4 m) C 2.4 9 10-14 9.7 9 10-15 Neu and Krassowska (1999)

POPC phosphatidylcholine, POPE phosphatidylethanolamine
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Fig. 7 Mean square displacement (left) and time evolution (right) of

the pore radii for the POPE bilayer at an electric field of 0.3 V/nm
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about 30 times less than that for the POPC bilayer

(Table 1).

Discussion

MD simulation of the time evolution of a lipid membrane

experienced by the electrical field permits us to evaluate

the pore parameters engaged in the Einstein–Smoluchow-

ski Eq. (1). The quantities c and C determined on the basis

of such a calculation are more or less reasonable in com-

parison with those found in an empirical manner by fitting

the solution of the Einstein–Smoluchowski Eq. (1) with

experimental data on the field-induced permeability of cell

membranes.

The value of the diffusion coefficient D calculated in our

work differs considerably from that accepted by earlier

authors. However, the calculations for POPE bilayer

demonstrate an approach of the effective diffusion coeffi-

cient to the empirical value. Such a feature can be reasoned

by a sensitivity of the calculation results to the type of the

lipids and the details of the interaction potential between

the neighboring lipids. Indeed, the POPE bilayer has a

more compact structure in comparison with POPC. The

average surface per lipid group in the POPE bilayer is

about 51 Å2, while that for POPC is about 68 Å2. It leads

to a more intensive interaction of lipid groups in the first

type of the bilayer and it leads to a reduction of the

effective diffusion coefficient in the Einstein–Smolu-

chowski equation. For example, if we suppose that the

dipole–dipole interaction provides the stabilization of the

external layer and limits the rate of the system recon-

struction at pore growth, it is possible to roughly estimate

the effect of the interaction on the diffusion coefficient

through Eq. (9):

DPOPE

DPOPC

¼ KPOPE
2

KPOPC
2


 exp
WPOPC �WPOPE

kT

� �

 1

60
; ð13Þ

where WPOPC and WPOPE are the dipole–dipole interaction

energies for POPC and POPE bilayers, respectively. If we

take the characteristic value of the dipole moment of the

lipid head group to be 19 D (Bechinger and Seelig 1991)

and the average value of the distribution of the tilt angles of

the dipoles to be 59� (Siu et al. 2008), the ratio of the

diffusion coefficient is about 1/60, which is in a rough

agreement with the ratio obtained in the MD experiments.

Let us note that the empirical estimations for all three

parameters obtained in our calculations were originally

derived from the numerical experiments for a standard

membrane (Barnett and Weaver 1991). In these experi-

ments, although a qualitative match was achieved, the

output characteristics differed by experiment by several

times. Another reason for discrepancy in C and c values is

that these constants are slightly dependent on the pore

radius definition, so a direct comparison is actually hin-

dered. Many other factors exist that can affect the calcu-

lation results. For example, a real cell membrane that

experiences an external electrical field can behave differ-

ently than the lipid bilayer modeled in this work. Indeed,

the real membrane does not have a plane shape but rather a

curved shape, and pores form at surface sites containing

transmembrane proteins or lipid domain boundaries

(Antonov et al. 1980). Moreover, a real membrane is

immersed in salt (ionic solution), which may also change

the characteristics of the membrane. Applied MD experi-

ments are closely related to electric field experiments with

high voltage and short pulses. However, it is unclear how

the results of such experiments can be extended to low-

voltage experiments where charge imbalance is responsible

for EP phenomena (Kramar et al. 2012).
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