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�
A new physical mechanismis proposedto explain the electroporationof cells based on the

electric-field-induced� stretching of their curved membrane. The opening of pores simultaneously
relaxes� the surfacetension leaving long-lived pores in the membrane. Semiquantitativeresults are
proposed� in good agreementwith experimentalobservationson cells and artificial bilayer membranes.
[S0031-9007(98)05862-1]
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Introducing
�

exogenousmacromoleculesinto a cell
should not be an easytask sinceevery cell is protected
by
	

a selectivecytoplasmicmembranewhich preventsthe
unregulated
 crossingof essentiallyany large molecules.
Still,
�

this processis now performedon a daily basisin
many cellular biology laboratories and biotechnology
companies� using usually much less sophisticatedtactics
than



thosedevelopedby virusesor bacteria. Themethod
employed� is calledElectroporation[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
physical� methodwhich relieson the transientpermeation
of� the cell membraneinduced by the application of a
strongelectricpulse(typically � � kV

� �
cm� for ��� s to a

few
�

ms). Largelong-livedporesform [3], henceenabling
large exogenousmacromolecules,initially dispersedin
the



electroporationbuffer, to enter into the perforated
cells� before the pores eventually reseal spontaneously
after� a few secondsto severalminutes[1–3].

This Letter first reviews briefly someof the classical
theories



related to this now widespreadtechnique. As
most theoreticalefforts have been focusedon explain-
ing the electroporationof flat membranesunderconstant
mechanical� tension [1,2], there appearsto be little un-
derstanding
�

aboutthe formationof theselargelong-lived
pores� in actualcells, a qualitativelydistinct problem. A
simple physicalmechanismis then proposedto account
for
�

this important biomedical technique. Although we
are� interestedmainly in understandingtheelectroporation
process� of “real cells,” partof our discussionalsoimplies
somenovel resultsaboutthe electroporationof a macro-
scopic(artificial) bilayermembrane.

The currenttheoreticalunderstandingof the electropo-
ration processrelies on the well-known fact that the cell
membranebehavesessentiallyas a local capacitorupon
the



applicationof anelectricfield acrossthedispersionof
targeted



cells. Hence,theelectricpotentialdrop over the
cell� size � occurs� almostentirely acrossthe cytoplasmic
membrane� of thickness� [4], leadingto very largeelec-
tric



fieldswithin thephospholipidbilayer � �"!$#&%(' . In-

terestingly,



mostexperimentalstudiesagreethat the elec-
tric



potentialthreshold,abovewhichelectroporationof the
cell� membraneoccurs,correspondsto a potentialdrop of
about� 1 V over thewidth of thebilayer.

Once
)

the initial perforationof the membranehas oc-
curred,� theenergyassociatedwith thenucleationof a pore
of� radius * is classicallywritten as[2]+-,/.1032547698;:=<?>A@

(1)
�

whereB C is the line tensionat the pore rim and D is the
surfacetensionin the membrane. At finite E , this pre-
dicts
�

that the membraneis unstableF against� unboundedF
pore� nucleationif the activationenergy GIHKJML3NPORQRS is
provided.� Although someelectric-field-inducedmecha-
nismsT havebeensuggestedto stabilizetheporeradius[5],
this



cannotexplain, however,the stability of the perfo-
ratedU membraneonlongtimescalesafterthefield hasbeen
turned



off.
The onsetof electroporationof flat

V
artificial� bilayers

has been explained by the addition of an energetic
contribution� to Eq. (1) which destabilizesthe subcritical
microporessupposedlypresentin the membraneunder
constant� mechanicaltension(see,e.g.,Chernomordikand
Chizmadzehv
W

in [2] and referencestherein). However,
the



relevanceof this local energeticbalancehas been
questionedX [5] in light of thecontinuingdissipationunder
electric� field in theregionof theconductingpores.

Several
�

authorshaveproposedanalternativedescription
of� theonsetof electroporationbasedonanelectromechan-
ical
Y

instability crushing an elastic [6] or viscoelastic
[7] homogeneousthin film modelingthemembrane.This
approach� assumesthat membranerupture occursas the
compressive� electrostaticstress Z\[^]1_a`bdcfehg growsi larger
than



the linear
j

(visco)elastic
�

responseof the thin film at
strongcompressionaldeformation. It is not clear, how-
ever,� whetherthis linear

j
and� continuousk model captures

the



actualphysicsof ruptureof a real lipid bilayer.
More generally, it appearsthat thesemodels of flat

V
membraneunderconstantk mechanicaltensionare� not ap-
propriate� for describingtheopeningof poresin thecurved,k
closedk membrane� of acell. Wewill showin theremainder
of� this Letter that,becauseof its curvaturek , thecell mem-
brane
	

is in factmechanicallystretchedto ruptureunderthe
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application� of a strong electric field. Since the
cytoskeleton-generated� membrane tension is normally
somehundredstimessmallerthanthetypical tensionlead-
ing
Y

to membranerupture q\r1sutwvyx{z}|\~ �h���9�(���1� N
� �

m� � ,
this



process implies a strong transient electric-field-
induced
Y

tension in the cell membrane. Such a tension
arises� becausethe membranedoesnot haveenoughtime
to



exchangephospholipidswith the natural reservoirsof
the



cell (at the very short time scalesinvolved during
electroporation)� andthereforebehavesessentiallylike 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

j
pores� in the membrane,as we will discussmore quan-
titatively



after first describing in some detail how the
cytoplasmic� membraneof an initially floppy cell becomes
stretchedand eventually rupturesunder a short applied
electric� pulse.

We
�

have to solve the generalelectrokineticproblem
of� a cell in an electroporationbuffer submitted to an
electric� pulse. As shown below, the electric field gen-
erates� noncancelingelectric stressesat the curvedmem-
brane
	

interfaceswhich tend to deform the shapeof the
cell.� Sinceboththenumberof phospholipidsin themem-
brane
	

and� the



volume of the cell are essentiallyfixed at
these



very short time scales,the cell membranestretches
until
 somemechanical“equilibrium” is reachedwith the
surfacetensionin themembranebalancingthesumof the
normalT (electric) stresses[8]. For simplicity we solve
the



electrokineticproblem for a sphericalcell of exter-
nalT radius � and� membranethickness����� , and we
estimate� the surfacetension � at� mechanicalequilibrium
using
 the Young-Laplacerelation �5�����/�1�;�(� . It is ex-
pected,� however,that theresultsobtainedwith this simple
sphericalgeometrycapturethe essentialphysics of the
actual� electrokineticproblemwith a vesicleor a cell of
spheroidshape. The cytosol,the cell membrane,andthe
electroporation� buffer aredescribedby uniform resistivi-
ties



andpermitivities: �;� , �;  , ¡ ¢ and� £¥¤ , ¦^§ , and ¨¥© , re-
spectively. For simplicity, we take ª^«­¬M®^¯a°M±³²µ´·¶ ¸�¹­º»½¼�¾h¿

F
À Á

m� andwe supposethat Â Ã7ÄÆÅ ÇwÈwÉ;Ê , as expected
for
�

a poorly conductivemembranebeforeelectroporation.
We
�

further assumethat the conductivephenomenadomi-
nateT thedielectriconesin thecytosolandtheelectropora-
tion



buffer at the time scalesinvolved for electroporation,
i.e.,
Y Ë�Ì1ÍÎÆÏÑÐ^ÒÔÓ and� Õ�Ö1×ØÆÙÑÚ^ÛÔÜ . The electricpoten-
tial



obeysa Laplaceequationin eachmedium(no charge
density
�

appearsin a uniform medium)andhencetakesthe
following
�

classicalform in sphericalcoordinates

Ý=Þ³ßwà·á(â¥ã½äæå½çéè5ê ë&ì³íwîðï½ñóòõô;ö³÷\øúùûýü cos� þ­ÿ (2)
�

whereB ���������
	�� representsU internal,membrane,andex-
ternal



media,respectively.Assumingthata constantelec-
tric



field

���

is appliedalongthe ����� axis� at ����� , we

find
�

the time-dependentcoefficients��� �"!$# and� %�&('")$* by
	

the



Laplacetransformtechniqueandtheuseof thefollow-
ing
Y

appropriateboundaryconditions:(i) finite potentialat
the



origin and +,.- /0�1
at� infinity; (ii) continuouspoten-

tial



at both membraneinterfaces;(iii) variationin electric
displacement
�

equalto the surfacechargedensityat each
interface 243(576�8:9<;�=?>A@CBED�FHGJILK7M );� (iv) rate of increase
of� NJOLP equal� to the net flow of chargeat eachinterface
(
� Q?R"SJTLUWV�XZY\[[^]�_a`Zbdcfehgikj�l:m , neglectingthe transportof
charges� along the interface[2]). Making useof the ap-
proximations,� n�oqpsr�tAu4vCw and� x.y{z , we can find—
after� tediousbut straightforwardcalculations—the radial
and� tangentcomponentsof theelectricfield at bothmem-
brane
	

interfaces. They reachthe following steadyvalues
after� a shorttransientregimeof time scale|~}����������C����C�E�"�����4���������d�C�A�"�������C h¡£¢ , where ¤¦¥¨§H©«ª\¬�­ (typi-

�
cally,� ®~¯±°7²h³�´ s for cells),

µ�¶¸·"¹»º½¼�¾À¿�ÁÃÂÅÄ Æ�Ç�È7É�ÊLË cos� ÌÍ�Î�ÏCÐÒÑ�Ó�ÔAÕ"Ö�×^Ø�ÙCÚhÛÝÜ (3)
�

ÞCßáàãâ�ä�å^æÀçéè?êÒë ì�í�î7ï�ðhñ cos� òó�ô�õCöÒ÷døCùAú"û�ü�ý�þ�ÿ���� (4)
�

�����
	���
���������� �������! #" sin $%
&('!)+*-,/.1032�465(7!8:9�; (5)
�

and�
</=?>�@
ACB�DFEHGJI�K�LNM!OQP cos� RTS3UWV�XZY\[�]_^`#aZb/cHd-e!fhg3i�j�kZl/m�n o (6)

�
p/q?rts
uCv�wFxHyJz�{�|N}!~:� cos� ���3�����Z�����_��
�Z�/�H���!�1�3�����(�!��� � (7)

�
���:�#�C�¡ F¢H£¥¤§¦Z¨�©�ª¬«!­
®�¯�°/±�²´³ sin µ¶
·(¸!¹�º-»!¼h½3¾�¿�ÀZÁ/Â�Ã-Ä (8)

�

whereB Å/ÆÈÇ , É!ÊQË , and Ì!ÍÏÎ are� the typical resistances(per
unit
 surfaceat the scaleof the cell) of the cytosol, the
electroporation� buffer, andthemembrane,respectively.

The total electric stress Ð�Ñ applied� to a membrane
patch� containedin a solid angle Ò�Ó sin Ô�Õ\Ö is calcu-
lated from the Maxwell stresstensorsat eachinterface,×ÙØhÚÙÛÝÜ:Þ
ß/àáß/â+ã�ä�åZæ´çhè?éëê(ì . í�î consists� of onepart ï+ð
proportional� to ñ�ò coming� from the (large)electric field
in
Y

themembrane,andanotherpart, ó�ôöõ , proportionalto ÷
coming� from theelectricfield in thecytosolandtheexter-
nalT medium. One finds, in particular,the following two
expressions� for the radial electricstressdependingon the
relativeU resistancesof the membraneandthe internaland
external� media:

(
�
i
ø
)
�

For ùZú/ûÏüþý ÿ �������	��

���
and� ��������������� � ,

corresponding� typically to the case of a cell before
!

electroporation,�
"$#%&%('*)$+,&,(-

.
/10 243657 cos� 8�9;:=<?> @BA (9)

�

(
�
ii
ø

)
�

For C�DFEHGJI�KML and� N�O�PRQ�S�TVU W�XY[ZH\�]^ _a`b�ced�fg , corresponding,for instance,to the caseof giant
artificial� vesicleswith very low internal ionic strengths
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(see
�

Kinosita eth al. in
Y

[1]) or the situationof two immis-
cible� fluids of different conductivitieswith no membrane
separation[9],

ikjl&lnmpo$qsrt&t(u
v
w	x�y{z}|~ cos� ���;� ��������1�

��
�a�����k�1�����&��� (10)

�
Hence,for the caseof unperforatedcells [i.e., Eq. (9)]

weB find that the radial stressis proportional� to the radius
of� curvature of� the membraneand independent

ø
of the

conductivitiesk of� thecytosolor theelectroporationbuffer:
It alwaystendsto elongatethe cell alongthe directionof
the



electric field (see,e.g., Schwanin [2]), whereasthe
deformation
�

inducedin thesecondcaseis prolateor� oblate�
depending
�

on the relative conductivitiesof the internal
and� externalmedia[9]. At mechanicalequilibriumunder
electric� field, we thereforeexpectthe following electric-
field-induced
�

surfacetensionin acell membrane[thefactor
cos� ���;�=� has

�
beenomittedat this scalinglevel],

 ¢¡¤£$¥¦&¦
§
¨ª©

«4¬�­
®°¯²±a³V´�µ·¶&¸º¹¼»¾½À¿°ÁFÂ4Ã�ÄÆÅÈÇ�É·Ê&Ë=Ì (11)

�
We
�

want to emphasizethat this electric-field-induced
membrane� tensionis relatedto theclosed,curvedgeome-
try



of acell. Indeed,for aflat membranebetweenidentical
electrolytes,� there is an (accidental)cancellationof the
total



electric stress,and one can actually show [5] that
the



(in-plane)membranetensiondecreases
Í

under
 electric
field as expectedfor an incompressiblemembraneunder
normal (electrostatic)pressure. For ÎÐÏÒÑVÓ�ÔÀÕ¤Ö V,

�
whichB is usuallyregardedastheempiricalestimatefor the
electroporation� field, Eq. (12) gives ×¢ØÒÙÛÚ¼Ü�ÝFÞ4ß N

� à
m.

This
á

is indeedof the order of a surfacetensionlikely to
cause� membranerupture, âFãsä�åçæéèpê�ë ì�íïî¼ð�ñFò4ó N

� ô
m.�

More
õ

precisely,for a cell or vesicleunderinitial tensionö4÷
(induced,
�

for instance,by osmoticstressor mechani-
cally� with a suckingmicropipet[10]), we predict that the
membraneruptures for ø4ùûúpüFýsþ�ÿ���� �����
	���
������
�����

,
in good agreementwith the experimentalmeasurements
of� Needhameth al. [10] on spheroid� vesicles.�

We
�

now haveto checkthatthis mechanicalequilibrium
(i.e.,
� ���� �"!�#�$&%
' )

�
is indeedreachedkinetically in these

electroporation� experiments. The time to deform a cell
under
 thetypicalstress(�)*�* [Eq. (9)] [11] canbeestimated
for
�

a viscousfluid (i.e., the cytosol) as +�,.-0/21436587�9:�:<;=?>A@
B�C�D
s; asanticipated,it is short comparedwith the

time



neededto equilibratewith thephospholipidreservoirs
of� the cell, so that a large electric field E.F G kV H cm� I
applied� longerthana few microsecondsshouldbeenough
to



stretchand rupture the membraneof a cell, in good
agreement� with all experimentalresults[1,2].

We
�

now cometo the discussionof the (electric-field-
induced)
Y

membranetensionrelaxationby further opening
of� the nucleatedpores once the electric field has been
turned



off. For clarity, we resolve the “instability” of
the



nucleatedporespredictedfrom Eq. (1) with a simple
heuristicapproachassumingthattheelectric-field-induced
pore� nucleationhasjust occurredat theendof theelectric
pulse� (i.e., no direct electriceffect on poregrowth). Let

us
 thendescribethe openingof a poreof radius JLK.MON and�
the



simultaneousrelaxation of the surfacetension in a
finite
�

membrane� understronginitial tension PRQ STQ . At the
linear
U

order,the membranetensionis proportionalto the
relativeU increaseof themembranesurfaceuponstretching.
Hence,
�

in a meanfield approach,the surfacetensionin a
perforated,� finite membranecanbeexpressedas

V&W.X�Y<Z\[R] ^T]�_a`bdcAeafg�hi j (12)
�

whereB kml is the radiusthat the poreswould “eventually”
attain� if their line tensionwasvanishinglysmall (in prac-
tice,



however,the openingof large poresin cells is also
likely
U

to involve slower processes,as discussedbelow,
once� theinitial poreshavebeenstabilizedby relaxationof
the



largeelectric-field-inducedmembranetension). nmo de-
�

pends� on theinitial tensionprq sTq , themembraneareat , and
the



numberof (identical)poresu as� vrw xTwzyA{<|~}��R���a����
��� ,
whereB �R������ is the initial surface stretching and �<�
is the elastic stretching modulus of the membrane
(
� �<������� �

J
� �

m� [13]).
Hence,the pore energy [Eq. (1)] becomesin a finite

�
membraneunderinitial tension�r� �T� ,

 ¢¡A£�¤¦¥̈ §ª© «¬®­&¯.°²±´³.µ�¶�·¹¸»º½¼¹¾
¿AÀ�Á¦Â¨ÃªÄ�ÅrÆ ÇTÆ.È ÉaÊÌË ÍaÎÏ�Ð�ÑÒ Ó (13)

Ô
whichÕ nowleadsto anunstablelocalmaximumat Ö6×ÙØTÚ andÛ
anÜ apparentlystableporeradius, Ý6Þ.ß . Understronginitial
tension
à

and/or weakporeline tension(i.e., ámâ0ã äzå8æRç èTç ),é
weê find ë6ìîíTï&ðòñzó8ôRõ ö�õ , as in the casewith constant÷Rø ùTø ,
andÜ ú6û.ü0ýÿþ��������	��

������� ���������������� .

What
!

are the time scalesinvolved in the poreopening
driven
"

by the relaxing surface tension #%$�&(' ? As the
membraneis significantly more viscousthan the cytosol
andÜ the electroporationmedium (i.e., )+*-,/.10325416 see
Ref.
7

[14]), one finds that the work done by the tension8%9�:<;
per= unit time is initially dissipatedin theradialplug-

flow
>

occurringinsidethe membranearoundeachporeof
increasing
?

radius @�A�BDC . This problem has been studied
recentlyE by DebrégeasetF al. [16] for the slow burstingof
veryG viscouspolymerfilms underconstantsurfacetension
(fixed
H

by a peripheralreservoirof polymerchains). Their
analysisÜ can easily be extendedto the caseof a relaxing
surfacetension IKJMLON P�N�Q�R5STVU	W<X5Y[Z]\5^_ andÜ leads to the
following energydissipationbalancebetweenthe viscous
flow in themembraneat thescaleof theporeradius ` andÜ
the
à

work performedperunit time by thesurfacetension:

a1b cde
f]g5hji k lOm n�mpo5qrVsut5vw5xy z {|�} (14)

H
whichê eventuallyleadsto

~����D��� ��������5����	���5��V�u�5��
� exp� �5�������
���3 ¢¡ (15)
H

3406
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whereê ¥
¦¨§u©1ª1«O¬
­O® ¯�® and° ±�² is the initial radiusof the
nucleated³ pores, ´�µ·¶/¸�¹�ºO» ¼�» . We find that ½
¾ is

¿
in theÀ s to tensof Á s rangefor ÂOÃ Ä�Ã1ÅMÆ<Ç�È�É ÊjË�Ì�Í N

Î Ï
mÐ nearÑ�ÒÔÓ�Õ×Ö

. If Ø1 Ù� Ú� ÛÝÜMÞ1ß� à, onefinds that this initial dynamic
regimeá crossesover for â]ã�äDåçæMè1é�ê+ë
ì1í�îðï5ñ to

ò
a second

oneó dominatedby thedissipationin thesurroundingfluid at
the
ò

scaleô . Thetime scaleof theseconddynamicregime
is õjöø÷ðù+ú�û�ü�ý
þOÿ ��ÿ , andtheporeopeningobeys

�������	��

��������� exp� ���������! #"%$'&
(�)�*

exp� +�,�-�.�/!0#1%2'354 (16)
H

whereê 687:9�;�<>=@?�A�B�C#D�E�F>G@H�I�J and° K�LNM@O at° the cross
overó betweenthetwo dynamicregimes.

Interestingly,for the casecorrespondingto a macro-
scopic finite bilayer initially stretchedon a diaphragm
[17] (e.g., P�QSR:T%U�VXW m, Y[Z]\:^[_a`:bdcfehg i�jlknm'oqpsr Pas,
and° t'ulvxw'y�z�{ m), we predict that the (irreversible)
electroporation� process will start with a “very slow
exponential”� increase|�}�~����n��� exp� �����#�#��� (with

H ����	���s���
���#�#�#�l�
��� �X�� #¡[¢¤£¦¥¨§¦©«ª ¬Xª )é in the first dynamic
regimeá lasting for about ­#® ln

¯ °�±�²´³¶µ¸·%¹�º¦» ¼8½¿¾#À
for
Á

Â�Ã�ÄxÅ'Æ�ÇsÈ É'ÊqËXÌ m.Ð Then, a catastrophicbursting of
the
ò

film suddenlyoccursat the crossover to the second
dynamic
Í

regime (with ÎÏ�Ð	Ñ�Ò ÓsÔÖÕ
×�ØqÙ�Ú'Û�ÜnÝ«Þ ßXÞ�à#ádâfãhä å!æaçè'éëêÖì@í�î ïXî
).
é

This abrupt transition happenspossibly
tens
ò

of microsecondsafterð the
ò

end of the electric pulse
andñ could easily be misinterpretedas the occurrenceof
poreò nucleationafter the end of the electric pulse. We
note that such a sharptransitional featurehas precisely
been
ó

observedrecently by Wilhelm etF al. [17] while
studying the macroscopicelectroporation of artificial
membranes(their datain Fig. 3 in Ref. [17] canbe fitted
withê ô«õ öXõ]÷¦ø�ù ú¤ûýü'þ�ÿ�� N

Î �
m).

For
�

thecaseof cells,wefind �����
	��
� nm� similar to the
meshÐ size of the underlyingcytoskeletonnetwork which
suggests,together with the fact that the electric-field-
induced
¿

membranetension is also partially relaxedvia
reverse� cell deformation(since ����������� ),é that thesecond
dynamic
�

regime is not generallyreached,i.e., �������� .
We
!

note,however,that the “stable” poreswe havefound
withê this meanfield heuristicmodelareactuallyexpected
to
ò

“coarsen”at longer time scalesafter this initial rapid
relaxationof theelectric-field-inducedmembranetension.
This is becausethe line tensionof the small poresis not
balanced
ó

by the averagesurfacetension in the relaxed
membrane!#"�$&%('*)�+-,/.1032 whichê leadsto their fastclosure
andñ to the simultaneousexpansionof the larger pores.
Finally,
�

the slow pore closureis likely to be controlled
by
ó

the cytoskeletondynamicsand possiblyother (slow)
biological
ó

regulationmechanisms.
In
4

conclusion,a newmechanismis proposedto explain
the
ò

electroporationof cells. It is basedonanelectric-field-
inducedstretchingof the membraneandpredictsthat the
electroporation5 of cells reliesmerelyon thecurvatureand
the
ò

high resistivity of their cytoplasmicmembrane. In
particular,ò the nucleationof poresis independentof the
conductivity6 of theelectroporationmedium,whichenables

añ very flexible useof this techniqueand might, in part,
explain5 its greatsuccesswith many typesof cells [1,2].
In
4

addition,we havealsofound that theelasticrelaxation
ofó the stretchedmembraneimmediately after the pores
nucleation� mayfollow two qualitativelyandð quantitatively7
distinct
�

dynamicregimesin good agreementwith recent
experiments5 on artificial bilayers[17].
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