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Understanding the Electroporation of Cells and Artificial Bilayer Membranes
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A new physical mechanism is proposed to explain the electroporation of cells based on the
electric-field-induced stretching of their curved membrane. The opening of pores simultaneously
relaxes the surface tension leaving long-lived pores in the membrane. Semiquantitative results are
proposed in good agreement with experimental observations on cells and atrtificial bilayer membranes.
[S0031-9007(98)05862-1]

PACS numbers: 87.22.Bt

Introducing exogenous macromolecules into a celterestingly, most experimental studies agree that the elec-
should not be an easy task since every cell is protectettic potential threshold, above which electroporation of the
by a selective cytoplasmic membrane which prevents theell membrane occurs, corresponds to a potential drop of
unregulated crossing of essentially any large moleculesabout 1 V over the width of the bilayer.

Still, this process is now performed on a daily basis in Once the initial perforation of the membrane has oc-
many cellular biology laboratories and biotechnologycurred, the energy associated with the nucleation of a pore
companies using usually much less sophisticated tactiasf radiusr is classically written as [2]

than those developed by viruses or bacteria. The method E—92 T2 (1)
employed is calledtlectroporation[1,2] and has become TYr s
a widely used technique to incorporate various moleculesvhere v is the line tension at the pore rim arddis the

(e.g., DNA and RNA fragments, proteins, antibodies,surface tension in the membrane. At finife this pre-
drugs, fluorescent probes, etc.) into many different typeslicts that the membrane isnstableagainstunbounded

of cells (e.g., bacteria, yeasts, plant, and mammaliapore nucleation if the activation energyt = 7?2/ is
cells). It is a simple, flexible, and relatively nontoxic provided. Although some electric-field-induced mecha-
physical method which relies on the transient permeatiomisms have been suggested to stabilize the pore radius [5],
of the cell membrane induced by the application of athis cannot explain, however, the stability of the perfo-
strong electric pulse (typically—4 kV/cm for 1 usto a rated membrane on long time scales after the field has been
few ms). Large long-lived pores form [3], hence enablingturned off.

large exogenous macromolecules, initially dispersed in The onset of electroporation dfat artificial bilayers

the electroporation buffer, to enter into the perforatechas been explained by the addition of an energetic
cells before the pores eventually reseal spontaneoushontribution to Eq. (1) which destabilizes the subcritical
after a few seconds to several minutes [1-3]. micropores supposedly present in the membrane under

This Letter first reviews briefly some of the classical constant mechanical tension (see, e.g., Chernomordik and
theories related to this now widespread technique. A€£hizmadzehv in [2] and references therein). However,
most theoretical efforts have been focused on explainthe relevance of this local energetic balance has been
ing the electroporation of flat membranes under constarquestioned [5] in light of the continuing dissipation under
mechanical tension [1,2], there appears to be little unelectric field in the region of the conducting pores.
derstanding about the formation of these large long-lived Several authors have proposed an alternative description
pores in actual cells, a qualitatively distinct problem. A of the onset of electroporation based on an electromechan-
simple physical mechanism is then proposed to accountal instability crushing an elastic [6] or viscoelastic
for this important biomedical technique. Although we [7] homogeneous thin film modeling the membrane. This
are interested mainly in understanding the electroporatioapproach assumes that membrane rupture occurs as the
process of “real cells,” part of our discussion also impliescompressive electrostatic stregs, E2/2) grows larger
some novel results about the electroporation of a macrahan thelinear (visco)elastic response of the thin film at
scopic (artificial) bilayer membrane. strong compressional deformation. It is not clear, how-

The current theoretical understanding of the electropoever, whether thidinear and continuousmodel captures
ration process relies on the well-known fact that the celthe actual physics of rupture of a real lipid bilayer.
membrane behaves essentially as a local capacitor uponMore generally, it appears that these modelsflat
the application of an electric field across the dispersion omembrane undetonstant mechanical tensi@re not ap-
targeted cells. Hence, the electric potential drop over theropriate for describing the opening of pores in thieved,
cell sizeV occurs almost entirely across the cytoplasmicclosedmembrane of a cell. We will show in the remainder
membrane of thicknesg [4], leading to very large elec- of this Letter that, because of itsirvature the cell mem-
tric fields within the phospholipid bilayet,, ~ V/d. In-  brane is in fact mechanically stretched to rupture under the
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application of a strong electric field. Since the find the time-dependent coefficients (r) and B, (¢) by
cytoskeleton-generated membrane tension is normallthe Laplace transform technique and the use of the follow-
some hundreds times smaller than the typical tension leadhg appropriate boundary conditions: (i) finite potential at
ing to membrane rupturfly,, = (1-5) X 107 N/m],  the origin andE — E, at infinity; (i) continuous poten-
this process implies a strong transient electric-fieldtial at both membrane interfaces; (iii) variation in electric
induced tension in the cell membrane. Such a tensiodisplacement equal to the surface charge density at each
arises because the membrane does not have enough timneerface (s,E,, — 1E,; = 212)); (iv) rate of increase

to exchange phospholipids with the natural reservoirs obf 3,;, equal to the net flow of charge at each interface
the cell (at the very short time scales involved during(s,, = y; 'E,; — x2 'E,», neglecting the transport of
electroporation) and therefore behaves essentially like agharges along the interface [2]). Making use of the ap-
artificial vesicle with afixed number of phospholipids proximations, y,, > i, x. andR > d, we can find—
Once pores have been nucleated, their further openingfter tedious but straightforward calculations—the radial
after the end of the electric pulse is also expected tand tangent components of the electric field at both mem-
simultaneously relax the strong (electric-field-induced)orane interfaces. They reach the following steady values
membrane tension. This eventually leaviesg-lived after a short transient regime of time scale- 7,,(2y; +
pores in the membrane, as we will discuss more quany,)R/[(2x; + x.)R + 2xmd], wherer,, = &, xm (typi-
titatively after first describing in some detail how the cally, r = 1077 s for cells),

cytoplasmic membrane of an initially floppy cell becomes 3EqxiR Cosf

stretc_hed and eventually ruptures under a short applied E.(R —d,0) ~ , (3)
electric pulse. Qxi + Xe)R + 2xnd

We have to solve the general electrokinetic problem E.(R — d.60) ~ 3EoxmR coso @)
of a cell in an electroporation buffer submitted to an m ’ (2xi + xe)R + 2xmd’
electric pulse. As shown below, the electric field gen- 3E, iR sind
erates noncanceling electric stresses at the curved mem-  Eg(R — d,0) ~ — : , (B
brane interfaces which tend to deform the shape of the (2xi + Xe)R + 2xmd
cell. Since both the number of phospholipids in the mem-and
braneand the volume of the cell are essentially fixed at _
these very short time scales, the cell membrane stretches E,.(R,0) ~ 3Eox.R coso(l = 2d/R) , (6)
until some mechanical “equilibrium” is reached with the 2xi + Xe)R + 2xnd
surface tension in the membrane balancing the sum of the E. (R.0) ~ SE0XnR cosf(l — 2d/R) @
normal (electric) stresses [8]. For simplicity we solve e Rxi + xe)R + 2xmd
the electrokinetic problem for a spherical cell of exter- , i
nal radiusR and membrane thickness < R, and we E¢(R,0) ~ _3EXiR + Xnd]Sing (8)

estimate the surface tensidhat mechanical equilibrium @xi + Xe)R + 2xmd
using the Young-Laplace relatian,, = 2I'/R. Itisex- wherey;R, x.R, andy,d are the typical resistances (per
pected, however, that the results obtained with this simplenit surface at the scale of the cell) of the cytosol, the
spherical geometry capture the essential physics of thelectroporation buffer, and the membrane, respectively.
actual electrokinetic problem with a vesicle or a cell of The total electric stresg’ applied to a membrane
spheroid shape. The cytosol, the cell membrane, and thgatch contained in a solid angléd sindd¢ is calcu-
electroporation buffer are described by uniform resistivi-lated from the Maxwell stress tensors at each interface,
ties and permitivitieSy;, xm, x. ande;, ,, ande,, re-  ou = e(ExE; — E*8;1/2). ol consists of one pai™
spectively. For simplicity, we take, = &; = eyater = proportional toe,, coming from the (large) electric field
1072 F/m and we suppose that, > xi, x., as expected in the membrane, and another part¢, proportional toe

for a poorly conductive membrane before electroporationcoming from the electric field in the cytosol and the exter-
We further assume that the conductive phenomena domiral medium. One finds, in particular, the following two
nate the dielectric ones in the cytosol and the electroporaexpressions for the radial electric stress depending on the
tion buffer at the time scales involved for electroporation,relative resistances of the membrane and the internal and
i.e.,xi ' > e,0andy,! > e,w. The electric poten- external media:

tial obeys a Laplace equation in each medium (no charge (i) For 2x,d > 2x; + x.)R and d/R < g,/&,,
density appears in a uniform medium) and hence takes thgorresponding typically to the case of a cdiefore

following classical form in spherical coordinates electroporation,
B (t 9 R
Ou(t,r,0,¢) = <Ak(t)r + kg )>cos(9, (2) ol ~o" ~ 7 emE} cos"(e)j. (9)
r

wherek = i, m, e represents internal, membrane, and ex- (i) For y,d < y;R and d/R < e,|x2 — x?|/
ternal media, respectively. Assuming that a constant elec,, y2, corresponding, for instance, to the case of giant
tric field Ey is applied along thé = 0 axis atr = 0, we atrtificial vesicles with very low internal ionic strengths
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(see Kinositeet al. in [1]) or the situation of two immis- us then describe the opening of a pore of radi(t$ and
cible fluids of different conductivities with no membrane the simultaneous relaxation of the surface tension in a

separation [9], finite membrane under strong initial tensidl,;. At the
. N 9 5 X2 - X} linear order, the membrane tension is proportional to the
Trr = O = e Ej oS () 7(2/\/_ T xeo)? (10)  relative increase of the membrane surface upon stretching.
l e

. ence, in a mean field approach, the surface tension in a
H‘?”Cev for the case of unp_erforatgd cells [i.e., Eq. (©) erforated, finite membrane can be expressed as

we find that the radial stress jsoportional to the radius ) )

of curvature of the membrane anéhdependent of the T(r) = Ty, e —r (12)

conductivitiesof the cytosol or the electroporation buffer: R

It always tends to elongate the cell along the direction of . . ) ,

the electric field (see, e.g., Schwan in [2]), whereas ,[he\}/vhereroo is the radius that the pores would “eventually

deformation induced in the second case is prajablate attain if their line tension was vanishingly s.mall (in prac-
tice, however, the opening of large pores in cells is also

depending on the relative conductivities of the internal. . ;
; . L likely to involve slower processes, as discussed below,
and external media [9]. At mechanical equilibrium under - o g
once the initial pores have been stabilized by relaxation of

e.'ECtF'C field, we thereforg expect the following electric- the large electric-field-induced membrane tension)de-
field-induced surface tension in a cell membrane [the factor

. ) . pends on the initial tensioh;,;, the membrane ares and
cog () has been omitted at this scaling level], the number of (identical) poresasy; = K,(nmr2/s),
T~ of R - 9&(15013)2 =~ 5 X 1073(EpR)>. (11) where nzr2 is the initial surface stretching and;
"2 8d is the elastic stretching modulus of the membrane
We want to emphasize that this electric-field-induced(k, = 0.2 J/m? [13]).
membrane tension is related to the closed, curved geome-Hence, the pore energy [Eq. (1)] becomes iffirdte
try of a cell. Indeed, for a flat membrane between identicamembrane under initial tensidn,;,
electrolytes, there is an (accidental) cancellation of the .
total electric stress, and one can actually show [5] that E =2myr — f C(r')2mr'dr’
the (in-plane) membrane tensidecreasesinder electric 0
field as expected for an incompressible membrane under ’ r4
normal (electrostatic) pressure. F&f = EgR =1V, = 2myr = Diniw| r® = 272 ) (13)
which is usually regarded as the empirical estimate for the _
electroporation field, Eq. (12) givdd = 5 X 10~* N/m.  Which now leads to an unstabl'e local maxmum@,g_a_n'd
This is indeed of the order of a surface tension likely toan apparently stable pore radiug,. Under strong initial
cause membrane rupturd,, = (1-5) X 1073 N/m.  tension and/or weak pore line tension (i.,> v/I'ini),
More precisely, for a cell or vesicle under initial tension We find runs ~ ¥/I'ini, as in the case with constaht,;,
Iy (induced, for instance, by osmotic stress or mechaniandreq ~ r=[1 __7/(2Fini”OO)_] ~ T _
cally with a sucking micropipet [10]), we predict that the What are the time scales involved in the pore opening
membrane ruptures foF = Ty — 5 X 1073(EgR)?, driven by the _relg>_<|ng surface t¢n5|dh(r)? As the
in good agreement with the experimental measuremenf§embrane is significantly more viscous than the cytosol
of Needhanet al. [10] on spheroidvesicles. and the electroporation medium (i.eq,, > 7;, 7. see
We now have to check that this mechanical equilibriumRef. [14]), one finds that the work done by the tension
(i.e., o7 = 2T'/R) is indeed reached kinetically in these 1'(+) per unit time is initially dissipated in the radial plug-
electroporation experiments. The time to deform a celflow occurring inside the membrane around each pore of
under the typical stress”. [Eq. (9)] [11] can be estimated increasing radlus,r(t). This problem has been _studled
for a viscous fluid (i.e., the cytosol) as, ~ 7;/o7, = recentlly by Debregeas_t al. [16] for the slow bursting of_
2 X 107¢ s; as anticipated, it is short compared with theVery viscous p_olymer films un.der constant surface tension
time needed to equilibrate with the phospholipid reservoirdfixed by a peripheral reservoir of polymer chains). Their
of the cell, so that a large electric field -4 kV/cm) analysis can.easny be extended to the case of a relaxing
applied longer than a few microseconds should be enougftrface tensiol” = I'in;(r2 — r?)/r; and leads to the
to stretch and rupture the membrane of a cell, in goo(jollowmg energy dissipation balance between the viscous

agreement with all experimental results [1,2]. flow in the membrane at th_e s_cale of the pore radiaan
We now come to the discussion of the (electric-field-the work performed per unit time by the surface tension:

induced) membrane tension relaxation by further opening \ r2 — 2\ .

of the nucleated pores once the electric field has been 77m<_> red ~ (rini T)W (14)

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

the nucleated pores predicted from Eq. (1) with a simplevhich eventually leads to

heuristic approach assuming that the electric-field-induced Foro

pore nucleation has just occurred at the end of the electric r(t) ~ , (15)

pulse (i.e., no direct electric effect on pore growth). Let \/rg + (r2 — rd) exp(—2t/7))
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wherer; ~ dn,,/I'in; and rg is the initial radius of the a very flexible use of this technique and might, in part,
nucleated pores;, = v/I'y,;. We find thatr; is in the  explain its great success with many types of cells [1,2].
us to tens ofus range forl,; = 10741073 N/m near In addition, we have also found that the elastic relaxation
Frpe- If mire > m,d, one finds that this initial dynamic of the stretched membrane immediately after the pores
regime crosses over feft) > n,,d/n; = r. to asecond nucleation may follow two qualitativelsgnd quantitatively
one dominated by the dissipation in the surrounding fluid atlistinct dynamic regimes in good agreement with recent
the scaler. The time scale of the second dynamic regimeexperiments on artificial bilayers [17].

is 72 ~ mir-/Tini, @and the pore opening obeys I would like to thank E. Siggia for introducing me to
/ | — aexp(—2t'/7) these biologically reI_evant guestions, qnd A._ Ajdari, M
r(t) ~ re (16) Goulian, and J-L. Viovy for related discussions. This

—_ / ’
I+ aexp(=2t/m) work was supported partly by a Lavoisier fellowship from
wherea = (r» — r.)/(r- + r.) andt = 0 at the cross the French Foreign Ministry.
over between the two dynamic regimes.
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ro = 1078-10"7 m. Then, a catastrophic bursting of Press, New York, 1989).

the film suddenly occurs at the cross over to the second3] D.C. Chang and T.S. Reese, Biophys58, 1 (1990).
dynamic regime (withrly—y ~ re/72 ~ Tini/Mwater = [4] For eukaryotic cells, however, this is only true thanks to
103 X Iini). This abrupt transition happens possibly the highly connected topology of the numerous intracel-
tens of microsecondafter the end of the electric pulse lular membranes (nucleus, ER, golgi, ...) extending essen-

and could easily be misinterpreted as the occurrence of __ tially within the whole volume of the cell.
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membranes (their data in Fig. 3 in Ref. [17] can be fitted "~ storage into membrane bending deformation. However,
with Tjp; = 2.5 X 107 N/m). this curvature energy is unable to balance the strong
For the case of cells, we find = 100 nm similar to the electric stress applied onto the membrane, and we neglect
mesh size of the underlying cytoskeleton network which its contribution in our discussion.
suggests, together with the fact that the electric-field- [9] G. Taylor, Proc. R. Soc. London 291, 159 (1966).
induced membrane tension is also partially relaxed vid10] D. Needham and R.M. Hochmuth, Biophys.55 1001
reverse cell deformation (sineg, = ), that the second (1989). o
dynamic regime is not generally reached, ig.,< r.. [11] Although tangent stresses also participate in the def(_)rma-
We note, however, that the “stable” pores we have found g(f)?h?af :;;Cﬁlgt:g?sl ggpr;i%t dcroa?hgeeégﬁ ;’;?jeéhogu%agglt‘;%e
)[/(\;It‘r‘]cz)h;srgriﬁgtnlilr?ggfliir:itelcsr::nglggl :;tiraf;?salilr}l/it?;(lp;%ﬁjd nificantly modify the mechanical relaxation time (unless a
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