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A new physical mechanismis proposedto explain the electroporationof cells basedon the
electric-field-inducedstretching of their curved membrane. The opening of pores simultaneously
relaxesthe surfacetension leaving long-lived poresin the membrane. Semiquantitativeresults are
proposedn good agreementvith experimentalbbservationon cells and artificial bilayer membranes.

[S0031-9007(98)05862-1]

PACSnumbers:87.22.Bt

Introducing exogenousmacromoleculesinto a cell
should not be an easytask since every cell is protected
by a selectivecytoplasmicmembranewnhich preventsthe
unregulatedcrossingof essentiallyany large molecules.
Still, this processis now performedon a daily basisin
many cellular biology laboratoriesand biotechnology
companiesusing usually much less sophisticatedactics
thanthosedevelopedy virusesor bacteria. The method
employedis called Electroporation[1,2] andhasbecome
a widely usedtechniqueto incorporatevariousmolecules
(e.g., DNA and RNA fragments, proteins, antibodies,
drugs, fluorescentprobes,etc.) into many different types
of cells (e.g., bacteria, yeasts, plant, and mammalian
cells). It is a simple, flexible, and relatively nontoxic
physicalmethodwhich relies on the transientpermeation
of the cell membraneinduced by the application of a
strongelectric pulse(typically 1-4 kV/cmfor 1 us to a
few ms). Largelong-livedporesform [3], henceenabling
large exogenousmacromoleculesijnitially dispersedin
the electroporationbuffer, to enter into the perforated
cells before the pores eventually reseal spontaneously
afterafew secondgo severalminutes[1-3].

This Letter first reviews briefly someof the classical
theoriesrelatedto this now widespreadtechnique. As
most theoretical efforts have beenfocusedon explain-
ing the electroporatiorof flat membranesinderconstant
mechanicaltension [1,2], there appearsto be little un-
derstandingaboutthe formation of theselargelong-lived
poresin actualcells, a qualitatively distinct problem. A
simple physical mechanismis then proposedto account
for this important biomedicaltechnique. Although we
areinterestedmainly in understandinghe electroporation
processof “real cells,” part of our discussioralsoimplies
somenovel resultsaboutthe electroporatiorof a macro-
scopic(artificial) bilayer membrane.

The currenttheoreticalunderstandingf the electropo-
ration processrelies on the well-known fact that the cell
membranebehavesessentiallyas a local capacitorupon
the applicationof an electricfield acrossthe dispersiorof
targetedcells. Hence the electricpotentialdrop overthe
cell sizeV occursalmostentirely acrossthe cytoplasmic
membraneof thicknessd [4], leadingto very large elec-
tric fieldswithin the phospholipidbilayerk,, ~ vV /d. In-
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terestingly,mostexperimentaktudiesagreethatthe elec-
tric potentialthreshold abovewhich electroporatiorof the
cell membraneoccurs,correspondgo a potentialdrop of
aboutl V overthewidth of the bilayer.

Oncethe initial perforationof the membranehas oc-
curred,the energyassociateavith the nucleationof a pore
of radiusr is classicallywritten as[2]

1)

where vy is the line tensionat the porerim and I' is the

surfacetensionin the membrane. At finite I', this pre-

dicts that the membraneis unstableagainstunbounded
pore nucleationif the activationenergyAE = 7y2/T is

provided. Although someelectric-field-inducedmecha-
nismshavebeensuggestedo stabilizethe poreradius[5],

this cannotexplain, however,the stability of the perfo-

ratedmembranenlongtime scalesafterthefield hasbeen
turnedoff.

The onsetof electroporationof flat artificial bilayers
has been explained by the addition of an energetic
contributionto Eg. (1) which destabilizeghe subcritical
microporessupposedlypresentin the membraneunder
constantmechanicatension(see,e.g.,Chernomordikand
Chizmadzehvin [2] and referencegherein). However,
the relevanceof this local energeticbalancehas been
guestioned>5] in light of the continuingdissipationunder
electricfield in the regionof the conductingpores.

Severabhuthorshaveproposedinalternativedescription
of the onsetof electroporatiorbasedn anelectromechan-
ical instability crushing an elastic [6] or viscoelastic
[7] homogeneouthin film modelingthe membrane. This
approachassumeghat membranerupture occursas the
compressiveelectrostaticstress(s,, E2 /2) grows larger
thanthe linear (visco)elasticresponseof the thin film at
strong compressionatleformation. It is not clear, how-
ever, whetherthis linear and continuousmodel captures
the actualphysicsof ruptureof areallipid bilayer.

More generally, it appearsthat these models of flat
membraneunderconstantmechanicalttensionare not ap-
propriatefor describinghe openingof poresin the curved,
closedmembranef acell. Wewill showin theremainder
of this Letterthat, becausef its curvature the cell mem-
braneis in fact mechanicallystretchedo ruptureunderthe

E = 2myr — Tmr?,
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application of a strong electric field. Since the

cytoskeleton-generatednembrane tension is normally

somehundredgimessmallerthanthetypical tensionlead-

ing to membranerupture [Ty = (1-5) X 1072 N/m],

this processimplies a strong transient electric-field-
inducedtensionin the cell membrane. Such a tension
arisesbecausehe membranedoesnot haveenoughtime

to exchangephospholipidswith the natural reservoirsof

the cell (at the very short time scalesinvolved during

electroporationand thereforebehavesessentiallylike an

artificial vesicle with a fixed number of phospholipids
Once pores have been nucleated,their further opening
after the end of the electric pulse is also expectedto

simultaneouslyrelax the strong (electric-field-induced)
membranetension. This eventually leaves long-lived

poresin the membraneas we will discussmore quan-
titatively after first describingin some detail how the

cytoplasmicmembraneof aninitially floppy cell becomes
stretchedand eventually rupturesunder a short applied
electricpulse.

We have to solve the generalelectrokineticproblem
of a cell in an electroporationbuffer submittedto an
electric pulse. As shown below, the electric field gen-
eratesnoncancelingelectric stressest the curved mem-
braneinterfaceswhich tend to deform the shapeof the
cell. Sinceboththe numberof phospholipidsn themem-
braneand the volume of the cell are essentiallyfixed at
thesevery shorttime scalesthe cell membranestretches
until somemechanicat‘equilibrium” is reachedwith the
surfacetensionin the membranébalancingthe sumof the
normal (electric) stresseq8]. For simplicity we solve
the electrokineticproblem for a sphericalcell of exter-
nal radius R and membranethicknessd < R, and we
estimatethe surfacetensionI” at mechanicakquilibrium
usingthe Young-Laplaceelationo,, = 2I'/R. Itisex-
pected however thatthe resultsobtainedwith this simple
sphericalgeometry capturethe essentialphysics of the
actual electrokineticproblemwith a vesicle or a cell of
spheroidshape. The cytosol, the cell membraneandthe
electroporatiorbuffer are describedoy uniform resistivi-
ties and permitivities: y;, xm,» x. ande;, ¢, ande,, re-
spectively. For simplicity, we take e, = &; = eyater
10~ F/m andwe supposehat y,, > x;, x., as expected
for a poorly conductivemembranebeforeelectroporation.
We further assumethat the conductivephenomenalomi-
natethe dielectriconesin the cytosolandthe electropora-
tion buffer at the time scalesinvolved for electroporation,
e, xi > e 0 andy, ! > e,w. Theelectricpoten-
tial obeysa Laplaceequationin eachmedium(no charge
densityappearsn a uniform medium)andhencetakesthe
following classicalform in sphericalcoordinates

B (1)
2

Ou(2,r,0,0) = <Ak(t)r + >cos¢9, (2)

wherek = i,m, e representinternal,membraneandex-
ternalmedia,respectively. Assumingthata constanelec-
tric field E, is appliedalongthe ¢ = 0 axisatr = 0, we

find the time-dependentoefficientsA,(r) and B, (r) by
the Laplacetransformtechniqueandthe useof thefollow-
ing appropriateboundaryconditions:(i) finite potentialat
the origin and E — E, at infinity; (ii) continuouspoten-
tial at both membrandnterfacesyiii) variationin electric
displacemenequalto the surfacechargedensityat each
interface (e, E,.» — e1E,1 = X12)); (iv) rate of increase
of 31, equalto the net flow of chargeat eachinterface
(0,312 = x1 "E;1 — x5 'E,», neglectingthe transportof
chargesalongthe interface[2]). Making use of the ap-
proximations, y,, > xi, x and R > d, we can find—
after tediousbut straightforwardcalculations—the radial
andtangentcomponent®f the electricfield at both mem-
braneinterfaces. They reachthe following steadyvalues

aftera shorttransientregimeof time scaler ~ 7,,2yx; +
XIR/[2xi + xe)R + 2xnd], wherer,, = &, xm (typi-
cally, 7 = 1077 sfor cells),
3Eyx;R cosf
E(R — d,0) ~ 0x )
(2Xi + Xe)R + 2and
3EoxmR cosf
Erm(R - d’ 0) -~ 0X ) (4)
(2Xi + Xe)R + 2/\/md
3E()X,'R sing
Ey(R — d,0) ~ — R 5
ol ) (2xi + xe)R + 2xnd ®)
and
3Eyx.Rcos#(l — 2d/R
Eyo(R.0) ~ SEoXeRCOSOU = 2d/R) =)
(2Xi + Xe)R + 2/\/md
3EoxmR cosf(1 — 2d/R
Erm(Ra 0) -~ 0x ( / ) ) (7)
(2Xi + Xe)R + 2and
3Eo[xiR + xmd]sing
Ey(R,0) ~ —L0LGR * xnd] ®)

(2/\/1' + Xe)R + 2de ’

wherey;R, x.R, and y,,d arethetypical resistancegper
unit surfaceat the scaleof the cell) of the cytosol, the
electroporatiorbuffer, andthe membranerespectively.

The total electric stresso” applied to a membrane
patch containedin a solid angle df sinfd¢ is calcu-
lated from the Maxwell stresstensorsat eachinterface,
ou = e(ExE, — E*8,/2). o consistsof onepart ¢
proportionalto &,, coming from the (large) electric field
in the membraneandanotherpart, o’¢, proportionalto &
comingfrom the electricfield in the cytosolandthe exter-
nal medium. Onefinds, in particular,the following two
expressiondor the radial electric stressdependingon the
relative resistance®f the membraneandthe internaland
externalmedia:

(i) For 2x,,d > (2x;i + x.)R and d/R < &,,/&,,,
correspondingtypically to the case of a cell before
electroporation,
rTr ~ g™

o 2 enE} coS(0) % . 9

rr 4

(i) For ym,d < x;,R and d/R < g,|x? — X2/
emx2, correspondingfor instance,to the caseof giant
artificial vesicleswith very low internal ionic strengths
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(seeKinosita et al. in [1]) or the situationof two immis-
cible fluids of different conductivitieswith no membrane

separatior9],

ol ~ gi¢ ~ 2 ewE2 coS(0) LX?
moo2 e Qxi + xe)*
Hence,for the caseof unperforatectells [i.e., Eq. (9)]
we find thatthe radial stressis proportional to the radius
of curvature of the membraneand independentof the
conductivitiesof the cytosolor the electroporatiorbuffer:
It alwaystendsto elongatethe cell alongthe direction of
the electric field (see,e.qg., Schwanin [2]), whereasthe
deformationinducedin the secondcases prolateor oblate
dependingon the relative conductivitiesof the internal
andexternalmedia[9]. At mechanicakquilibriumunder
electricfield, we thereforeexpectthe following electric-
field-inducedsurfacetensionin acellmembrandthe factor

cos(#) hasbeenomittedat this scalinglevel],

I~ ol % ~ % (EoR)? = 5 X 1073(EoR)?. (11)
We want to emphasizethat this electric-field-induced
membrangensionis relatedto the closed,curvedgeome-
try of acell. Indeedfor aflat membrandetweeridentical
electrolytes,there is an (accidental)cancellationof the
total electric stress,and one can actually show [5] that
the (in-plane)membraneensiondecreasesinderelectric
field as expectedfor an incompressiblenembraneunder
normal (electrostatic)pressure. For V = EgR = 1V,
whichis usuallyregardedasthe empiricalestimatefor the
electroporatiorfield, Eq. (12) givesT = 5 X 1073 N/m.
This is indeedof the order of a surfacetensionlikely to
cause membranerupture, Ty = (1-5) X 1072 N/m.
More precisely,for a cell or vesicleunderinitial tension
I’y (induced,for instance by osmoticstressor mechani-
cally with a suckingmicropipet[10]), we predictthatthe
membranerupturesfor Ty = Ty — 5 X 1073(ER)?,
in good agreementith the experimentalmeasurements
of Needhanetal. [10] on spheroidvesicles.

We now haveto checkthatthis mechanicakquilibrium
(i.e., ol = 2T'/R) is indeedreachedkinetically in these
electroporationexperiments. The time to deforma cell
underthetypical stresso’, [Eq. (9)] [11] canbeestimated
for a viscousfluid (i.e., the cytosol)as 7¢q ~ m;/0), =
2 X 107° s; asanticipated,t is shortcomparedwith the
time neededo equilibratewith the phospholipidreservoirs
of the cell, so that a large electric field (1-4 kV/cm)
appliedlongerthana few microsecondshouldbe enough
to stretchand rupture the membraneof a cell, in good
agreementvith all experimentatesults[1,2].

We now cometo the discussionof the (electric-field-
induced)membrandensionrelaxationby further opening
of the nucleatedporesonce the electric field has been
turned off. For clarity, we resolve the “instability” of
the nucleatedporespredictedfrom Eq. (1) with a simple
heuristicapproactassuminghattheelectric-field-induced
porenucleationhasjust occurredat the end of the electric
pulse(i.e., no direct electric effect on pore growth). Let
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(10)

us then describethe openingof a pore of radiusr(¢) and
the simultaneousrelaxation of the surfacetensionin a
finite membraneaunderstronginitial tensionI'y,;. At the
linear order, the membraneensionis proportionalto the
relativeincreaseof the membranesurfaceuponstretching.
Hence,in a meanfield approachthe surfacetensionin a
perforatedfinite membraneanbe expresse@s

re —

I'(r) = Tini , (12)

rs
wherer.. is the radiusthat the poreswould “eventually”
attainif their line tensionwasvanishinglysmall (in prac-
tice, however,the openingof large poresin cells is also
likely to involve slower processesas discussedbelow,
oncetheinitial poreshavebeenstabilizedby relaxationof
thelargeelectric-field-inducedgnembraneension). r.. de-
pendsontheinitial tensionl',;, themembranareas, and
the numberof (identical)poresn asTy,; = K (n7r2/S),
where n7r2 is the initial surface stretching and K,
is the elastic stretching modulus of the membrane
(Ks = 0.2 J/m? [13]).

Hence,the pore energy[Eq. (1)] becomesin a finite
membranaunderinitial tensionI';,;,

E =2myr — [ C(r'2mr'dr’
0

!
2r2 )’

which nowleadsto anunstabldocal maximumat r,,, and
anapparentlystableporeradius,r.q. Understronginitial
tensionand/or weakporeline tension(i.e., 7. > y/I'ini),
we find ryns ~ ¥/Tini» @ in the casewith constantl;,;,
andreq ~ re[1 = ¥/Q2linire)] ~ re.

What are the time scalesinvolved in the pore opening
driven by the relaxing surfacetensionI'(r)? As the
membranes significantly more viscousthan the cytosol
and the electroporationmedium (i.e., n,, > 7;, n. see
Ref. [14]), one finds that the work done by the tension
I'(r) perunit timeis initially dissipatedn theradial plug-
flow occurringinside the membranearoundeachpore of
increasingradius (7). This problem has been studied
recentlyby Debrégea®t al. [16] for the slow burstingof
very viscouspolymerfilms underconstansurfacetension
(fixed by a peripheralreservoirof polymerchains). Their
analysiscan easily be extendedto the caseof a relaxing
surfacetension” = I'yy;(r2 — r?)/r2 and leadsto the
following energydissipationbalancebetweernthe viscous
flow in the membranet the scaleof the poreradiusr and
the work performedper unit time by the surfacetension:

=2wyr — Fmiﬂ'<r2 (13)

= \2 2 _ 2
77m<L> rzd -~ (Fini %)rr (14)
r ry%
which eventuallyleadsto
r(r) ~ D . (19

Vi + (2 — ) exp—21/7)
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wherer; ~ dn,,/Tin; and rg is the initial radiusof the
nucleatedpores,ry = v/I';,;. We find that 7; is in the
us to tensof s rangefor I'jy; = 1074~1072 N/m near
Frpee If mire > n,onefindsthatthis initial dynamic
regimecrosseoverfor r(t) > n,,d/n; = r. to asecond
onedominatedy thedissipationin thesurroundindluid at
thescaler. Thetime scaleof the seconddynamicregime
is 72 ~ m;r»/1I'ini, andthe poreopeningobeys

1 — aexp(—2t'/1)
1 + aexp(—2t'/15)°

wherea = (r» — r.)/(r- + r.) andt = 0 at the cross
over betweenthe two dynamicregimes.

Interestingly,for the casecorrespondingo a macro-
scopic finite bilayer initially stretchedon a diaphragm
[17] (e.9.,7 = 1075 M, m; = 1. = Nyater = 1073 Pas,
and r. = 107° m), we predict that the (irreversible)
electroporation processwill start with a “very slow
exponential’increaser(t) ~ roexpt/7) (with r|,—o ~
ro/T1 ~ Uni/Mmm =2 X I'yi) in the first dynamic
regime lasting for about 7 In(r./rg) = 2-5 X 71 for
ro = 1078-10"7 m. Then, a catastrophicbursting of
the film suddenlyoccursat the crossover to the second
dynamic regime (with 7l;—¢ ~ re/72 ~ Tini/Mwater =
103 X T;n;).  This abrupt transition happenspossibly
tens of microsecondsfter the end of the electric pulse
and could easily be misinterpretedas the occurrenceof
pore nucleationafter the end of the electric pulse. We
note that such a sharptransitionalfeature has precisely
been observedrecently by Wilhelm et al. [17] while
studying the macroscopicelectroporation of artificial
membranegtheir datain Fig. 3 in Ref. [17] canbe fitted
with Tipi = 2.5 X 1074 N/m).

Forthecaseof cells,wefind r. = 100 nmsimilarto the
meshsize of the underlying cytoskeletonnetwork which
suggests,together with the fact that the electric-field-
induced membranetensionis also partially relaxed via
reversecell deformation(sincer., = 71), thatthe second
dynamicregimeis not generallyreached,.e., r. < r..
We note,however that the “stable” poreswe havefound
with this meanfield heuristicmodelareactuallyexpected
to “coarsen”at longer time scalesafter this initial rapid
relaxationof the electric-field-inducednembrandension.
This is becausdhe line tensionof the small poresis not
balancedby the averagesurfacetensionin the relaxed
membrand(I') ~ (y/r)) which leadsto their fastclosure
and to the simultaneousexpansionof the larger pores.
Finally, the slow pore closureis likely to be controlled
by the cytoskeletondynamicsand possibly other (slow)
biological regulationmechanisms.

In conclusion.a new mechanisms proposedo explain
theelectroporatiorof cells. It is basedn anelectric-field-
inducedstretchingof the membraneand predictsthat the
electroporatiorof cellsreliesmerelyon the curvatureand
the high resistivity of their cytoplasmicmembrane. In
particular, the nucleationof poresis independenof the
conductivityof theelectroporatioimedium,which enables

r(t") ~ re

(16)

a very flexible use of this techniqueand might, in part,
explainits greatsuccesswith many typesof cells [1,2].
In addition,we havealsofound that the elasticrelaxation
of the stretchedmembraneimmediately after the pores
nucleationmayfollow two qualitativelyand quantitatively
distinct dynamicregimesin good agreementvith recent
experimenton artificial bilayers[17].
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