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Improved energy model for membrane electroporation in biological cells subjected
to electrical pulses
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A self-consistent model analysis of electroporation in biological cells has been carried out based on an
improved energy model. The simple energy model used in the literature is somewhat incorrect and unphysical
for a variety of reasons. Our model for the pore formation energyE(r ) includes a dependence on pore
population and density. It also allows for variable surface tension, incorporates the effects of finite conductivity
on the electrostatic correction term, and is dynamic in nature. Self-consistent calculations, based on a coupled
scheme involving the Smoluchowski equation and the improved energy model, are presented. It is shown that
E(r ) becomes self-adjusting with variations in its magnitude and profile, in response to pore population, and
inhibits uncontrolled pore growth and expansion. This theory can be augmented to include pore-pore interac-
tions to move beyond the independent pore picture.
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I. INTRODUCTION

Electroporation is a well-known physical process in b
logical cells@1–3#. It involves rapid structural rearrangeme
of the membrane, in response to an externally applied e
tric field. A prominent observable effect is the rapid increa
of electrical conductivity@4# attributed to the formation o
pores in the lipid bilayer membrane. The opening of su
channels~or more appropriately, transient aqueous pores! en-
ables the transport of ions and water-soluble species. E
troporation can, therefore, be used to initiate large molec
fluxes for purposes of introducing genetic material into ce
and numerous applications are beginning to emerge@5–9#.
This process has also been linked to the nonthermal kil
of microorganisms subjected to strong electric fields@10#.
For this reason, it offers great potential for decontaminat
and the elimination of harmful microorganisms and bioh
ards.

The exact mechanism for electroporation is still not fu
understood, and the mathematical models are inexact
incomplete@11#. We focus here on the inadequacy of t
mathematical model, and present appropriate modificat
to better represent the inherent physics. Towards this g
we start with a brief background on electroporation mod
ing. Litster @12# and Taupin, Dvolaitzky, and Sauterey@13#
were the first to suggest the role of thermal fluctuations
pore formation, and the existence of a threshold po
formation energy. The basic model was subsequently
tended to include electrostatic effects@14,15#. The biophysi-
cal description was translated into numerical models@16–18#
based on the Smoluchowski equation@19# to predict the evo-
lutionary pore dynamics. Since the pore dynamics is in
enced by the transmembrane potentialU(r ,t) calculations of
U(r ,t) need to be included for self-consistency. Most stu
ies, with the exception of a short report by Vaughan a
Weaver @20#, have ignored this aspect. Only very rece
simulations by our group have accounted for self-consiste
1063-651X/2002/65~4!/041920~8!/$20.00 65 0419
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through the use of lumped equivalent circuits@21#, or the
inclusion of electric field solvers@22#.

Predictions of pore generation, growth, and size evolut
are based on continuum Smoluchowski theory, with the f
lowing governing equation for the pore density distributi
function n(r ,t):

]n~r ,t !/]t2$D/@kBT#%@]$n~r ,t !]E~r !/]r %/]r #

2D@]2n~r ,t !/]r 2#5S~r !, ~1!

whereS(r ) is the source~or pore formation! term, whileD is
a pore diffusion constant. See Table I for sources and va
of parameters. Physically, the diffusion process represen
‘‘random walk’’ of the pore radius in ‘‘r space,’’ brought
about by fluctuations in radius arising from the constant
try and egress of water molecules and other species.
formation of pores is generally assumed to be a two-s
process @23–25#. All pores are initially created as

TABLE I. Parameters used for the theoretical model.

Parameter Source Value

D ~m2 s21! Ref. @19# 5310214

g ~J m21! Ref. @19# 1.8310211

G0 ~J m22! Ref. @19# 1023

C ~J1/4m! Ref. @24# 9.67310215

Kw ~F m21! Refs.@19,26# 8038.85310212

Km ~F m21! Refs.@19,26# 238.85310212

h ~m! Ref. @26# 531029

ap ~F m22! Ref. @24# 6.931022

vc ~m23 s21! Ref. @14# 231038

vd ~s21! Ref. @26# 1011

r o ~m! Ref. @26# 131029
©2002 The American Physical Society20-1
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hydrophobic/nonconducting, at a rate ofS(r ) per unit area of
the membrane, during every time interval ‘‘dt.’’ This rate is
given as

S~r !5$~vch!/~kBT!%@dE~r !/dr#exp@2E~r !/~kBT!#dr,
~2!

wherevc is an attempt rate density@14#, E(r ) the energy for
hydrophobic pores,T the operating temperature,kB the
Boltzmann constant, andA the average membrane area. If
nonconducting pore is created with a radiusr .r * ~5 0.5
nm!, it spontaneously changes its configuration and tra
forms into a conducting, hydrophilic pore. All conductin
pores then survive as long as their radii remain larger t
r * . Destruction of a conducting pore occurs only if it drif
or diffuses inr space to a value belowr * . Due to the expo-
nential term in Eq.~2!, most pores are created with ve
small radii.

It is thus clear from Eqs.~1! and~2! that the energyE(r )
is the most important entity that governs the pore formati
growth, and decay. This energyE(r ), which is a function of
the pore radius ‘‘r,’’ determines the ‘‘drift flux’’ for pores in
r space@the left side of Eq.~1!#, and the formation rate
@through Eq.~2!#. Hence, the theoretical accuracy of pred
tions can only be as good as the precision and correctne
E(r ). Here we outline the accepted model forE(r ), and in
the process, seek to underscore the inherent deficiency
inadequacies. This energy function depends on several
tors, including the membrane tension, the applied volt
and associated stored electrostatic energy, and steric re
sion. The published and accepted model ofE(r ) for hydro-
phobic and hydrophilic pores, respectively, is@4,14,23,26#

E~r !52phrs~`!@ I 1~r /r 0!/I 0~r /r 0!#2papV2r 2, ~3a!

and

E~r !52pgr 2F E
0

r

2pG~r * !r * dr* G1~C/r !42papV2r 2.

~3b!

In the above equations,I 1 and I 0 are the modified Besse
functions of the zeroth and first order, respectively,h is the
membrane thickness,s~`! is a constant on the order of
31022 N m21 @26#, while r 0 represents a characterist
length scale over which the properties of water change
tween the interface and the bulk. The value ofr 0 is taken to
be equal to 1 nm@24#. The (C/r )4 term in Eq.~3b! accounts
for steric repulsion between the lipid heads lining the po
and contributes to an increase in energy with a shrink
radius@3,24#. A typical value forC has been reported to b
about 9.67310215 J0.25m @24#. The last term in Eq.~3b! rep-
resents the capacitive contribution to the energy in the p
ence of a transmembrane potential ‘‘V. ’’ The coefficientap is
a property of the membrane and its aqueous environmen
the simplest continuum approximation@26#, it is expressed in
terms of the membrane thickness ‘‘h’’ and the permittivities
‘‘ «w’’ and ‘‘ «m’’ of water and the membrane, respectively,
ap5(«w2«m)/@2h#. It might be mentioned that other mod
els that take into account pore conductivity and ionic dist
04192
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tions of the electric field@15,27# have been proposed for th
electrostatic energy calculations. Finally,g is the energy per
unit length of the pore perimeter, whileG is the energy per
unit area of the intact membrane.

Most analyses in the literature@24# use a constant surfac
tension parameter (G5G0), yielding the following simpli-
fied formation energy expression for conducting pores:

E~r !52pgr 2pG01~C/r !42$~«w2«m!/@2h#%pr 2V2.
~4!

The incorrectness and physical inadequacies of Eq.~4! are
best elucidated by considering the predicted volta
dependent behavior. Plots ofE(r ) based on Eq.~4! are given
in Fig. 1. For zero applied voltage, a local minima in the po
energy is predicted at about 0.8 nm. This corresponds to
most likely pore size, under steady-state equilibrium con
tions. Figure 1 also predicts a local maxima for the zero v
case, at a pore radius of about 18 nm. From the shape o
energy function it becomes clear that all pores, having ra
less than 18 nm, would tend to drift towards smaller valu
in r space. Physically, the monotonic increase in pore ene
below 18 nm would force pores to shrink in size, and a
proach the dynamically stable radius of 0.8 nm. Howev
pores with radii exceeding this threshold, would drift t
wards larger values and expand without bound in an unc
trolled fashion. Irreversible breakdown and cell ruptu
would, therefore, be the predicted result, for pores exceed
the stability threshold radiusr crit of 18 nm. In Fig. 1, both the
peak energy and radius of the local maxima shift for a 0.2
transmembrane potential. The critical radius for stability
duces to about 5.8 nm. In any case, a potential barrier is
seen to exist for the 0.2 V voltage. However, for 0.4 V acro
the cellular membrane, the maxima is virtually eliminate
This, therefore, represents the minimum voltage that wo
lead to cellular breakdown under this model, provided
voltage was applied long enough to enable pores to g
beyond the 18-nm critical threshold. This model predicts f
cell recovery only if the applied voltage was terminated
time before the critical expansion could take place@21#. At

FIG. 1. The pore formation energyE(r ) of hydrophilic pores for
various membrane voltages.
0-2
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the higher voltages of 0.6 and 0.8 V, the local maxima is
seen, and the pores can potentially expand irreversibly w
out bound.

The simple energy model of Eq.~4! is, therefore, incorrec
and unphysical for the following reasons.

~i! First, as evident from Fig. 1, there is no barrier f
V.0.4 V. However, from experimental data, much high
membrane voltages of about 1.0 V are required@28# for irre-
versible breakdown and membrane rupture.

~ii ! Next, the simple calculation forap in Eq. ~4! does not
take into account the finite conductivity of pores, or a
charge screening effects. Instead, the capacitor model sim
replaces the lipid inside a pore with nonconducting wa
For a more realistic representation, the transport of ions fr
a region of high dielectric constant~water! in the proximity
of a low dielectric constant layer~lipid! needs to be taken
into account, and the energy expenditure@15,29,30# of the
process included. Formalisms that model such variation
Born energy have been proposed@15,18#.

~iii ! The use of a constant surface tensionG0 becomes
questionable as well. The mechanical properties of cells
expected to be modified by deformation, and changes
membrane area caused by the Maxwell stress tensor as
ated with an externally applied voltage. Though direct e
perimental verification of surface tension and its variation
unavailable, molecular dynamics simulations of lipid bila
ers do demonstrate the following@31#. ~a! A finite tension is
required to maintain a given cellular shape and size, and~b!
the tension must change with the system area. Also, indi
experimental evidence indicative of variations in membra
tension is available. For example, activation of the 3
MscL channel cloned fromEscherichia coli@32# has been
linked to the tension of lipid membranes. Similarly, the a
tivity of lytic peptides is affected by the tension of vesicl
under stress@33#, and the catalytic activity of ab isoform of
phospholipaseC shown to change with surface pressure@34#.
These experimental results suggest that the tension m
naturally be variable, and that its variation facilitates biolo
cal activities that are observed.~c! Third, since tension is
proportional to the membrane area, at least to first orde
follows that pore formation will lead to variations inG that
are proportional to the square of the pore radius. In orde
account for this variability, a simple heuristic model has
cently been proposed@35# that describes the tension a
G(r )5G0@12r 2/r }

2 #, with r } being a constant paramete
Hence, it follows that pore formation and growth will lead
reduction in theG parameter. The primary effect of suc
variations inG, would be the creation of an additional loc
minima in the pore energy functionE(r ) which would force
the pores to stabilize at some large radius instead of exp
ing indefinitely. However, it is important to note that th
parameterr } of the heuristic model@35# should not be taken
to be a constant, but should instead be a time and/or volt
dependent variable to include dynamic effects.

~iv! The formation energyE(r ) in Eq. ~4! is independent
of the pore population and density. However, since the lipid
bilayer is essentially elastic and incompressible, it follo
that changes in the pore area at constant surfactant
ecules, must cause changes in the interfacial free ene
04192
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This was first discussed many years ago by White@36#, who
also argued in favor of decreases in surface tension with p
growth. The increased interdigitation of the alkyl chains w
invoked as the physical mechanism for changes in both
free energy andG. Dependence of the collective pore are
and possible pore-pore interaction effects, on the parame
of Eq. ~4! needs to be taken into account. The independ
pore model generally assumed will be inadequate as the
population increases.

~v! Finally, the parameters of Eq.~4! are static, and there
is no dependence on the dynamical evolution of the po
Based on the above argument, not only shouldE(r ) depend
on the pore density ‘‘n,’’ but the magnitude and profile mus
vary with time in accordance ton(r ,t). Such a mechanism
would makeE(r ) self-adjusting in response ton(r ,t), with-
out causing uncontrolled pore growth and expansion. V
simply, decreases in surface tension due to pore format
would increase the cost of creating pore following the tre
of Eq. ~4!. This would potentially work to halt further growth
and stabilize the pore population.

The most direct evidence of an inadequacy of the in
pendent pore, constant tension model with its energy max
at around 18 nm comes from experimental measureme
For instance, pores with stable diameters up to microme
in size have been reported@37,38#. This observation is
clearly contrary to the theoretical prediction of either co
plete pore closure or unbounded expansion leading to
ture. Similarly, stabilization of pore radii within the 20
60-nm range have been reported by Chang and Reese@39# in
their studies of red blood cells. The resolution of their e
periments allowed the pores to be seen 3 ms after an app
voltage pulse, when their radii were 10–20 nm. The po
continued to grow, but then stabilized at around 20–60
after 40 ms. Given such time-resolved experimental data
becomes clear that the simple electroporative-energy m
needs to be modified to yield better predictions and m
accurate, physical results. An attempt towards this goa
discussed in this contribution. The model developed here
lows for a variable surface tension, incorporates the effe
of finite conductivity on the electrostatic correction term, a
is dynamic in nature through a dependence on both the
voltage and pore density. These changes makeE(r ) self-
adjusting in response to pore formation, without causing
controlled growth and expansion. It may also be pointed
that though a few recent studies have presented an inclu
of a coupling between membrane tension and pore a
@35,38,40#, these analyses were either limited to one gia
pore or to a population of pores with identical radii. Als
changes associated with finite conductivity and the dyna
nature had been ignored.

II. IMPROVED MODEL

Equation~4! is modified here to include a dynamical a
pect and a dependence on the pore population density
E(r ). Furthermore, voltage-dependent Born energy corr
tions arising from the presence of ions in water near pores
suggested by Pastushenko and Chhizmadzhev@15# and Bar-
nett and Weaver@17#, have been incorporated. The electr
0-3
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static contributionEES(r ) to the formation energy then be
comes

EES~r !52p$~«w2«m!/@2h#%V2E
0

r

a2~r 9!r 9dr9, ~5!

wherea(r )5@11prkP(r )/$2hkB%#21, kB is the bulk elec-
trolyte conductivity,kP(r ) the conductivity in a pore of ra
dius ‘‘r.’’ The bulk conductivitykB is given in terms of the
electronic chargeq(51.6310219 C), concentrationci , the
mobility m i of the i th ion, and its charged stateZi as kB
5S i(qZi)

2m ici . Similarly, the conductivitykP(r ) is roughly
given as@15,18#

kp~r !;(
i

~qZi !
2m iciHi~r !

3exp@P$«m«w%~qZi !
2/$4kBTpr«m%#, ~6a!

where kB51.38310223 J/K is the Boltzmann constan
Hi(r ) the steric hinderance factor, and withP(«m /«w) being
the function described by Parsegian@29#. The factorHi(r )
has been given by Renkin@41# in terms ofr i , the radius of
the i th ion, as

Hi~r !5$12~r i /r !2%@122.1~r i /r !12.09~r i /r !3

20.95~r i /r !5#. ~6b!

Hence, when the pores are all small, thea term in Eq.~5!
goes to unity~i.e., in the r→0 limit!, while a→0 in the
opposite limit of large pore radiusr. Physically, this implies
that the usual electrostatic energy factor is valid for sm
pore populations when the radii are also small. However
the pores begin to grow, thea term and hence the contribu
tion to the energyE(r ), begin to decrease in magnitude.
terms of Fig. 1, this translates into a flattening of theE(r )
curve beyond the potential barrier in the presence of ex
nally applied voltages.

Next, a pore-density-dependent correction to the surf
tension parameterG is discussed. Considering a lipid bilaye
of total area ‘‘A’’ consisting of 2M lipid molecules, the total
interfacial energy ‘‘W’’ in the absence of any pores is give
as @42#.

W52Mh52M @s8a1K/a#>2@As81KM2/A#, ~7!

where s8 is the interfacial energy per area of th
hydrocarbon-water interface (;231022 J m22), ‘‘ a’’ is the
area per lipid head, and ‘‘K’’ a constant@42#. Equilibrium is
determined by the minima of the energyW, and hence, is
given by the condition]W/]A50. This yields a minimum
value W054s8A0 and K5s8@A0 /M #2, where A0 is the
equilibrium area for corresponding toW0 . In general, how-
ever, for a total areaA different from the equilibrium level
A0 , the energyW can be expressed asW(A)52s8@A
1A0

2/A#. The surface tensionGeff can effectively be defined
in terms of the energy differential since the energy is giv
as 4s8A01*A0

A Geff(A8)dA85W(A). Hence,]W/]A5Geff(A)

52s8@12(A0 /A)2#, and the effective tension is zero when t
04192
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lipid bilayer area exactly equals the equilibrium value ofA0 .
Usually, the areaA slightly exceeds the equilibrium levelA0 .
Roughly A/A0;1.0125 since this ratio yields a tension
1023 J m22, a value that has been used in the literature.

Upon the formation of pores of total areaAp , the total
areaA remains the same. However, the effective membr
area sections reduces toAM where AM5A2AP . Conse-
quently, the expressions of the energyW(AM) and the ten-
sion Geff change according to

W~AM !54s8A01E
Ao

AM
Geff~A8!dA8

52s8@A2AP1A0
2/~A2AP!#, ~8a!

and Geff~AM !5]@2s8$A2AP1A0
2/~A2AP!%#/]A

52s8@12$A0 /~A2AP!%2#. ~8b!

The effective tension in the presence of pores can, theref
be expressed in terms of the value without pores as

Geff~AP!5Geff~AP50!

3@12$A0 /~A2AP!%2#/@12$A0 /A%2#.

~8c!

It follows from Eq. ~8c! that the effective tension can b
positive, zero or even negative. The zero level correspond
a situation where the pore areaAP5A2A0 . For higher pore
areas~i.e., larger average pores!, theGeff value can be nega
tive as the membrane is under compression. Finally, the p
area in the above analysis represents the average value
hence, is given in terms of the actual pore density distri
tion functionn(r ,t) as

AP~r ,t !;A0F E
0

r

2pr * n~r * ,t !dr* G , ~8d!

provided mutual pore coupling and pore-pore interactions
negligible. Obviously, the pore density functionn(r ,t) can
be time dependent and as controlled by the Smoluchow
equation for pore growth, drift, and diffusion inr space.
Furthermore, theAP(r ,t)-dependent variable surface tensio
can become quite important for situations involving transi
voltage pulses. In such cases, the voltage could fall to z
quickly, thereby, canceling out the electrostatic contribut
to E(r ). However, theAP(r ,t) term would continue to affec
dynamical evolution over much longer periods.

Putting all of the above factors together, the pore form
tion energy E(r ,t) can comprehensively be expressed
terms of the following equation:

E~r !52pgr 2H E
0

r

2pGeff~AP@r * ,t# !r * dr* J 1~C/r !4

2p$~«w2«m!/h%V2E
0

r

a2~r 9!r 9dr9, ~9!
0-4
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with AP@r * ,t# changing dynamically as dictated by Eqs.~1!
and ~8d!.

III. RESULTS AND DISCUSSION

While a self-consistent solution of the coupled equatio
~1!, ~8d!, and ~9! is necessary, we first present some sim
results based on Eq.~9! alone for fixedAP values. The mo-
tivation for these calculations was simply to demonstrate
changes inE(r ) produced by the modified model, and
facilitate relevant comparisons with the results of Fig.
Though strictly a constantAP assignment is inaccurate be
cause of the dynamic nature of the system, its use none
less helps us to provide physical insights of pore diffusion
r space and afford qualitative trends of then(r ,t) evolution
at a specific time instant. Figure 2 showsE(r ) vs r with and
without the improved electrostatic correction term~i.e., a
,1 anda51, respectively!. The calculations included two
cases: one with no pores (AP /A050) and the other with a
specific pore area given byAP /A050.05. The membrane
voltage for Fig. 2 was set at 0.4 V. Witha51, the voltage-
dependent contribution to the pore formation energy is q
dominant, and leads to large negativeE(r ) values with a
monotonically increasing slope for larger radii. Also, there
no potential barrier, and this trend is predicted both with a
without pores. Due to the pore-dependent correction in
face tension@via Eq. ~8c!#, the curve withAP /A050.05 is
slightly higher. Upon including the role of finite ionic con
ductivity in the pores through ana(r ),1 term @as given in
Eq. ~5!#, the pore formation energy is seen to increase d
matically. A local maxima corresponding to a slight potent
barrier is evident in Fig. 2 at a radius of about 13 nm for t
a,1 andAP /A050.05 case. Including the surface tensi
correction as well fora,1 completely changes the energ
function. Instead of a convex curve,E(r ) becomes slightly
concave with positive values throughout the entire 0–40
radial range. Physically, this implies that the system wo
naturally drive the pores towards lower radii~and hence,
smallerAP /A0! under these conditions. Alternatively, a po

FIG. 2. Pore formation energy function for a 0.4 V transme
brane bias under various conditions of surface tension and
population.
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population of such large radii~effectively leading toAP /A0

50.05! would not be created or supported in the first pla
at this 0.4 V bias. It also becomes apparent that the effec
having a finite pore population~i.e.,AP.0! is stronger when
the ionic conduction term~i.e., a,1! is also taken into
account.

Similarly, the behavior ofE(r ) on membrane voltage an
relative pore population, but without the dynamic, se
consistent calculations involvingn(r ,t), is shown in Fig. 3.
At the lowest membrane bias of 0.4 V and a relatively hi
AP /A0 ratio of 0.05, theE(r ) curve is positive and exhibits
a monotonic increase with radius. For a slightly lower val
of AP /A050.01 at 0.4 V~correspondingly also to a lowe
surface tension!, the curve is dramatically altered and exhi
its a local maxima atr;16.5 nm, with negativeE(r ) values
beyond 31 nm. Thus, there is a shift from an unconditiona
stable situation forAP /A050.05, to potential instability with
a change in the pore population. The curve for a 0.6 V me
brane potential andAP /A050.05 exhibits a concave struc
ture with a clear energy minima at around 7 nm. Thus, un
these conditions, the cell is predicted to remain perforate
a stable manner without irreversible rupture. Finally, at a s
higher bias of 0.8 V, the trend remains unaltered, though
location of the stable minima is predicted to shift to t
higher radial value of 18 nm. The central point that becom
transparent from the curves of Figs. 2 and 3 is that the
bility of the porated cell is delicately controlled by a comb
nation of parameters that include surface tension, the
conductance, and pore population. Furthermore, the mod
energy model predicts that changes in the magnitude
slope ofE(r ) can easily occur to profoundly impact the di
fusion of pores inr space. Finally, a self-adjustment inE(r )
arising from changes inn(r ,t) @and hence,AP /A0# would
make it possible to curb uncontrolled pore growth a
expansion.

Self-consistent calculations were performed next by c
pling the Smoluchowski equation with Eq.~9! for the pore
formation energy. A 1.5 V, 1ms external pulse was assume
for the analysis. For purposes of quantifying the role o

-
re

FIG. 3. Dependence ofE(r ) on membrane voltage and relativ
pore population.
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pore area on the dynamic evolution, two sets of simulati
were carried out. In one, a constant surface tension was
@i.e., Geff(AP50)#, while for the other simulation set, a pore
area-dependent formation energy as given by Eqs.~8c! and
~9! were utilized. Results of the pore density distributio
n(r ) for both simulation conditions are shown in Fig. 4 at t
specific time instants of 1.0 and 1.5ms. Comparison of the
two 1.5-ms curves~with and without the areal correction, i.e
APÞ0 and AP50, respectively! of Fig. 4, brings out the
following features.

~i! A stronger peak with inclusion of the pore area te
that roughly lies at a radius of 0.77 nm. Without the pore a
term, on the other hand, the most probable radius is predi
to be somewhat larger at 0.82 nm.

~ii ! Without the pore area term, then(r ) distribution is
predicted to have a much larger spread with pore radi
large as 27 nm. WithAPÞ0, the maximum pore radius afte
1.5ms is predicted from Fig. 4 to be only about 13 nm. The
results can easily be understood in terms of a higher p
formation energy~as shown qualitatively in the curves o
Fig. 2! for APÞ0, and the positive slope that leads to
diffusion in r space towards smaller radii. Thus, the over
result is a faster recovery upon the inclusion of the po
dependent~and hence, variable surface tension! factor. The
1.0-ms curve for APÞ0 is flatter than the correspondin
1.5-ms curve with a larger variance and higher peak p
radius, as might be expected. With the voltage pulse jus
the point of being turned off, the pore distribution is out
equilibrium, but begins its shift towards a low-profile, equ
librium profile.

The effects of including the pore-dependent formation
ergy E(r ) are also made evident through the time dep
dence of the average pore radius^R(t)&. Plots of^R(t)& up
to a 1.5ms time, with and without the pore area factor, a
shown in Fig. 5. Both curves increase monotonically as lo
as the 1-ms voltage pulse remains effective. However, t
growth of pores is not quite as rapid forAPÞ0, and hence,
the average radius does not increase quite as much. Beyo

FIG. 4. Calculated pore distributionn(r ) at time instants of 1.0
and 1.5ms in response to a 1.0 V, 1ms electrical pulse. Curves with
and without the pore area dependence in the energy mode
shown.
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ms, both curves begin to decrease as the pores begi
shrink. However, forAPÞ0, there is a driving force toward
smaller radii for pores of all sizes as governed by a posit
slope for theE(r ) function. Consequently, the average si
decreases at a fairly rapid rate. However, in the absence
pore area term, theE(r ) function has a local maxima a
about 18 nm as given by theV50 curve of Fig. 1. Conse-
quently, pores with radii below 18-nm shrink, while tho
above 18 nm continue to grow. The two almost offset ea
other, and only a small net decrease in^R(t)& is predicted in
Fig. 5. The time evolution of the pore formation ener
E(r ,t) that dictates the dynamics and movement inr space,
is shown in Fig. 6. With no pore corrections,E(r ) at 1.5ms
exhibits a slight maxima, and has both positive and nega
slopes. WithAP taken into account, a concave curve with
positive slope is seen for both the 1.0 and 1.5ms time in-
stants. The 1.0-ms curve is slightly higher because of th
higher pore area at this earlier time. As the system te
towards equilibrium and pores shrink, the pore area

re

FIG. 5. Results of the average pore radius^R(t)& to demonstrate
the effect of including a pore dependent energy model.

FIG. 6. Pore formation energyE(r ,t) under three conditions
showing its dynamic nature.
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creases and leads to a lowering of theE(r ) curve. The dy-
namic feature ofE(r ,t) is thus made obvious.

IV. SUMMARY AND CONCLUSIONS

A self-consistent model analysis of electroporation in b
logical cells has been carried out based on an improved
ergy model. The simple energy model used in the literat
appears to be somewhat incorrect and unphysical for a v
ety of reasons. For example, it predicts cell instability a
incessant pore expansion upon the application of exte
voltages, does not take into account the finite conductivity
pores, or any charge screening effects. Besides the use
constant surface tensionG0 seems to become questionable
light of several experimental reports. For instance, po
with stable diameters up to micrometers in size have b
reported@37,38#. This observation is in contrast to the the
retical prediction of either complete pore closure or u
bounded expansion leading to rupture by the simple pre
lent model. Similarly, stabilization of pore radii within th
20–60-nm range have been reported by Chang and R
@39# in their studies of red blood cells, which are also n
predicted by the simple theory.

Here we present an improved model that includes a
pendence of pore population and density on the pore for
tion energy. It also allows for a variable surface tension, a
incorporates the effects of finite conductivity on the elect
static correction term. Finally, the model is dynamic in n
ture, through its dependence on both the cell voltage
en
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pore density. It has been shown that this will lead to tempo
variations in the magnitude and profile ofE(r ). Such a
mechanism would makeE(r ) self-adjusting in response t
pore formation, without causing uncontrolled growth and e
pansion. Self-consistent calculations based on a cou
scheme involving the Smoluchowski equation and the
proved energy model has been carried out. Our results d
onstrate the effects of external electrical voltages on the p
dynamics. In principle, this theory can be augmented to
clude pore-pore interactions to move beyond the indepen
pore picture. It must also be mentioned that the actual m
brane potential is more likely to be the sum of exponentia
This would inherently arise from the ‘‘charging’’ and ‘‘dis
charging’’ phenomena associated with the inductive and
pacitive elements inherent to the cell suspension and the
ternal circuitry. Such circuit and distributed effects we
ignored in the present contribution, as the intent was sim
to present an improved fundamental model for the ene
function E(r ). However, these issues can easily be includ
as shown previously by our group in a related cont
@21,22#.
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