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Abstract

A thermodynamic theory for the membrane electroporation of curved membranes such as those of lipid vesicles
and cylindrical membrane tubes has been developed. The theory covers in particular the observation that electric
pore formation and shape deformation of vesicles and cells are dependent on the salt concentration of the
suspending solvent. It is shown that transmembrane salt gradients can appreciably modify the electrostatic part of
Helfrich’s spontaneous curvature, elastic bending rigidity and Gaussian curvature modulus of charged membranes.
The Gibbs reaction energy of membrane electroporation can be explicitely expressed in terms of salt gradient-depen-
dent contributions of bending, the ionic double layers and electric surface potentials and dielectric polarisation of
aqueous pores. In order to cover the various physical contribution to the chemical process of electroporation-reseal-
ing, we have introduced a generalised chemophysical potential covering all generalised forces and generalised
displacements in terms of a transformed Gibbs energy formalism. Comparison with, and analysis of, the data of
electrooptical relaxation kinetic studies show that the Gibbs reaction energy terms can be directly determined from

Ž .turbidity dichroism Planck’s conservative dichroism . The approach also quantifies the electroporative cross-mem-
brane material exchange such as electrolyte release, electrohaemolysis of red blood cells or uptake of drugs and dyes
and finally gene DNA by membrane electroporation. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lipid bilayer membranes are traditionally con-
sidered as models for biological membranes. Es-
pecially lipid vesicles, with their curved mem-
branes, serve as paradigms for the membranes of
intracellular organelles or even for cellular plasma
membranes. Of course, the unilamellar model
character of the lipid bilayer is strictly only appli-
cable to the lipid part of the biomembranes.
Ultrastructurally, the cellular plasma membranes
are normally embedded in a complex layer struc-
ture, where the outer part can be a network of
basal structures and special proteins of the inner
part of the membrane are connected to various
cytoskeletal filament networks.

Because of the high complexity of the shell
structure, biomembranes are different compared
with the compositionally much simpler lipid bilay-
ers. However, many electromechanical properties
are fundamentally the same, qualitatively. Quan-
titatively, however, it is remarkable that biological

w xmembranes scale well with lipid bilayers 1 .
There is, however, a particular feature that is

characteristic for all living biomembranes and
that is often neglected in the study of membrane
structure and function. Biomembranes are ubiq-
uitously associated with relatively high electric
fields. The natural electric potential difference

Ž .Dw across the dielectric lipid parts may be asnat
large as Dw sw yw sy200 mV, where thenat in out
outside potential level w is set zero as a refer-out
ence for the inner part w -0. The natural mem-in
brane voltage U syDw defines the naturalnat nat
electric field strength E sU rdsyDw rdnat nat nat
in a membrane of thickness d; usually we set
ds5 nm, covering the dielectric part of the lipid
bilayer. Hence U s200 mV yields E s40 MVnat nat

y1 Ž y1 .m or 400 kV cm . In nerve membranes we
encounter U s70 mV, i.e. E s14 MV my1

nat nat
Ž y1 .or 140 kV cm . Compared with technical fields
of Us220 V across 2.0-cm pin distance yielding
Es0.11 kV cmy1, the biofield strengths are

w xenormously high 2 .
Artifical lipid bilayers may be only associated

Ž .with natural electric fields if they contain ioni-
cally charged lipids, such that the surface poten-
tial difference Dw sw yw may be differents in out

from zero. This can be achieved in two different
ways: either the number of ionic lipids is different
in the two leaflets composing a bilayer or, at
equal numbers, the ionic strength on both sides
of the membrane is different causing different
charge screening thus different values of the sur-
face potential w . A further source for a yet small,s
but finite value of Dw may arise when on ones
side of the membrane there is a high concentra-

Ž .tion of sucrose or other material affecting the
dielectric screening constant « thus changing the
coulombic interaction forces.

Indeed, for some time it is known that extent
and rate of electric pore formation in lipid vesi-
cles and cells strongly depend on the difference
of salt concentration between the interior com-
partment and the outside solution, as well as on
the presence of sucrose or other substances used

w xto control the osmotic balance 3 . It turns out
that the theoretical analysis of these observations
is very elaborate. Even more demanding is the
direct analysis of secondary phenomena of ME
such as the electrohaemolysis of red blood cells
or the electroporative transfer of dyes and drugs;
see below. Analysis so far has been performed on

w xa scaling basis 2,4,5 .
Here we conceptionally rationalise these gradi-

ent effects and derive quantitative expressions
connecting the difference in the salt concentra-
tion with the experimental quantities.

2. Thermodynamic theory of membrane
electroporation

2.1. Chemical model for the electroporation cycle

As outlined previously, membrane electropora-
Ž .tion ME can be viewed as a cooperative transi-

tion of a cluster L of m lipids from a closedm
state C to electroporated states P according to
w x4,5 :

kp
Ž .C | P 1

kyp

These m lipids form the pore edge. Pore forma-
tion also involves the entrance of bulk water into
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the pore interior, thus leading to hydrophobic and
hydrophilic pores.

The degree of ME is given by the fraction f ofp
pores:

w xP K Ž .f s s 2p w x w x 1qKP q C

where the equilibrium constant is conventionally
defined as:

f kw xP p p Ž .Ks s s 3w x 1y f kC p yp

Ž . Ž .In Eqs. 2 and 3 , the concentration brackets
w xrefer to a lipid cluster L with mG12 6 ; k andm p

k are the rate constants of poration and poreyp
closing, dominant in resealing, respectively.

2.1.1. Relaxation kinetic approach
Ž .The time constant of the reaction in Eq. 1 is

w xfield-dependent 3 . Chemical relaxation kinetic
w xanalysis 7,8 shows that

1 Ž . Ž .sk qk sk 1qK 4p yp ypt

y1 ŽTypically, at fields Ef5 MV m 50 kV
y1 . y6 y2cm , we have tf10 s, Kf f s10 suchp

that k f106 sy1 and k fk Kf104 sy1. Theyp p yp
field dependence of K and t gives insight into the
molecular mechanism of ME in electric fields; in
particular, numerical values of the mean pore

Ž .radius are obtained. Usually, Eq. 1 has to be
extended to cover the more complicated electro-

w xporation-resealing kinetics 9,10 . Because the
condition K<1 always holds, it is the overall
cluster rate coefficient k for the closing process,yp

w xdifferent from previous interpretation 2 , that is
Ž .the dominant field-dependent term in Eq. 4 .

This suggests that P represents at least two pore
Ž .states: possibly hydrophobic HO and hydrophilic

Ž .HI , respectively, as explicitly treated previously
w x Ž .11 , where 1rtfk rK and KsK ? 1qK f1 1 2
K ?K were used. Note that t is the mean open-1 2
time of the pore.

2.1.2. Mean pore radius
As a consequence of field-induced water en-

trance during ME, the membrane surface area S

increases by DS sS P yS from the zero-fieldp o
value S s4p a2 , where a is the radius of ao 0 0
spherical lipid vesicle or the nominal mean radius
of a cell, up to S P sS qDS . The ME data are0 p
consistent with the definition of the pore fraction

w xas the relative surface increase 8 :

² 2:DS N ? rp p p Ž .f s s 5p 2S 4a0 0

where N is the number of pores of mean porep
1r22² :radius r s r in a vesicular or cellular mem-p p

Ž .brane V . Generally, in external electric fields
the increase in surface area DSsDS qDS isp ss
composed of two contributions. Besides DS , thep
field induced Maxwell stress causes stretching of

Ž .the membrane thinning and the smoothing of
undulations. Both DS and DS are oftenly sepa-p ss

w xrable on the time scale of microseconds 9 .

2.2. Transformed Gibbs reaction energy

The experimentally accessible quantity f , andp
thus K, and the energetics of the reaction cycle in

Ž .Eq. 1 are connected by the fundamental rela-
Ž . Ž .tionship for isobaric p isothermal T condi-

w xtions 12 .

ˆNyD G r RTr Ž .Kse 6

ˆN ˆP ˆCŽ .In Eq. 6 , D G sG yG is the standardr m m
transformed Gibbs reaction energy, Rsk N theA
general gas constant, k the Boltzmann constant
and N the Loschmidt]Avogadro constant; T isA

Ž .the absolute Kelvin temperature. The quantities
ˆaG , where asP or C, respectively, are formallym

Ž .the standard values for 1 M transition of the
transformed chemophysical potentials m. Explic-ˆ

ˆa N aŽ . Žitly, G s Ý n m refers to the molar clusterˆm j j j m
. Ž .of the m lipids jsL of the pore edge and to

Ž .all those solvent molecules jsW changing from
the bulk into the pore interior. Note that here the
proper characteristic chemical potentials m sˆ j
Ž .­Gr­n , where n and n are the molarj p,T ,n/ n j jj

amount and the stoichiometric coefficient of
molecule j, respectively, have the quality of gen-
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eralised chemophysical potentials. The index n/nj
Žmeans all n constant except for n see Appendixj

.A .
It is recalled that in an applied electric field E,

the correct criteria for directional spontaneity
Ž . Ž .-0 towards equilibrium stationarity s0 of a
chemo-electrical process are only met with the

ˆw xtransformed Gibbs function 2,12 : dG F0. Thep,T
definition of the reaction operator D sdrdj isr

Ž .given in the context of Eq. A20 .

2.2.1. Reaction energetics of membrane
electroporation

Ž . Ž .Eqs. 2 and 6 provide the basis for the exper-
imental determination of the Gibbs reaction en-

Ž . Ž .ergy terms. Substitution of Eq. 6 into Eq. 2
yields:

ˆNyD G r RTre Ž .f s 7Np ˆyD G r RTr1qe

Ž y2 .Usually f <1 in the order of F10 andp
hence the approximation

ˆNyD G r RTr Ž .f sKse 8p

is practically always applicable.
Sometimes it is very appropriate to group

together certain energy terms such that we can
Ž .write Eq. 6 in the form:

X r RT Ž .KsK ?e 90

Where K se X 0 r RT. Here, X refers to all terms0 0
Ž .Ý x X which can be considered independentk k k 0

of those variables which are explicitly covered in
X, referring to Ý x X , and not in X .k k k 0

Ž .Eq. 9 has been previously used in the form
w x13,6 :

ˆyD G r RTr pol Ž .KsK ?e 100

where

Eˆ Ž .D G sy D Md E 11Hr pol r
0

is the transformed electric Gibbs reaction energy.

Ž .Eq. 10 is suited if it is only the dielectric polari-
sation term that is field-dependent. K refers to0
the chemical term

a PN N ND G sÝ Ý n m sÝ n mŽ . Ž .r chem a j j j j j jm

CN Ž .yÝ n m 12Ž .j j j

and D MsM P]M C is the molar difference inr m m
Ž .the cluster transition L from asC to asP.m

It is recalled that the ordinary chemical potential
of species j is defined by

m smN qRT ln aj j j

where a sc y rcN is the thermodynamic activityj j j
Žor the absolute value of the effective concentra-

.tion , c the molar concentration and y the ther-j j
modynamic activity coefficient of species j, re-
spectively; cN s1 molrdm3 s1 M is the concen-
tration unit. In the expression for the reaction

N Ž P C .term D G syRT ? ln a ra covering ther chem m m
cluster of size m, the activity coefficients appear

P C Ž P C .Ž P C .in the ratio a ra s c rc y ry . Since MEm m m m m m
hardly will change the y coefficients, we safelyj
can set y P syC , thus aP raC scCrc P . Therefore,m m m m m m
the chemical term, against intuition, can be con-
sidered as independent on the ionic strength.

2.2.2. Ionic strength dependent reaction terms
The description of salt effects on K, and thus

Ž .on f , requires that X in Eq. 9 takes the form:p

ˆ ˆ ˆ Ž .Xsy D G qD G qD G 13r pol r dlay r bendž /
where besides the dielectric polarisation term, the
two ionic]electric double layers of a charged

ˆmembrane are covered in D G and the curva-r dlay
ture effects are represented in the bending reac-

ˆ Ž .tion term D G ; see Eq. 40 .r dlay
Ž . Ž . ŽWith Eq. 13 , Eq. 9 is specified and applied

.below as:

ˆ ˆ ˆyŽD G qD G qD G .r RTr pol r dlay r bend Ž .KsK ?e 140

Here, K involves the reaction terms D G of0 r line
the line tension or edge energy, D G of inter-r tens
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facial tension in the interface between the lipid
head groups and the adjacent medium molecules

Ž .and the chemical term specified in Eq. 12 .

2.2.3. Locality of field effects
An externally applied electric field affects the

curved membrane of a vesicle or cell as a whole.
On the other hand, electropore formation is gen-
erally a sparse local event. The local field induc-
ing the pore structure depends on the angle u
between the site considered and the direction of
the external field vector. Therefore the field-
dependent ME reaction terms are u-positional
averages: pore fraction f , and thus K, connectedp

Ž . 2 w x Žby Eq. 8 , directly reflect cos u-averages 11 see
.below .

For this reason it is appropriate to specify first
some of the Gibbs energies in terms of the total
membrane of one average vesicle or cell, denoted

Ž .by G V , referring to N pores. The respectivei p
Gibbs reaction energies D G , here the physicalr i

ˆ ˆterms D G and D G are generally ex-r dlay r bend
Ž .pressed and applied below as:

N P CAP Cˆ Ž . � Ž . Ž . 4D G s G yG s G V yG Vi ir i m m i Np

Ž .15

2.2.4. Pore fraction and ionic strength gradient
The data analysis and the conceptional under-

standing of the experimental phenomena are
greatly facilitated, if we refer the various parame-

Žters at a finite salt concentration or ionic
.strength difference

in out Ž .Dcsc yc 16

to those at Dcs0, i.e. to c in scout, as a refer-
ence.

Ž .For a given field strength, Eq. 14 can then be
written in the operational form

ˆD c ˆ0
D c 0 yŽD G yD G .r RTr r Ž .K sK ?e 17

ˆ00 yD G r RTrwhere the definition K sK ?e and the0
equality K D c sK 0 were used.0 0

ˆD c ˆ0Recall, the terms D G and D G both referr r
ˆ ˆ ˆŽ .to the sum Xsy D G qD G qD G .r pol r dlay r bend

We now introduce the definition

D c 0 ˆD c ˆ0Ž . Ž .D Xs X yX sy D G yD G 18ž /r r

Ž .Substitution into Eq. 8 yields

D c 0 D X r RT Ž .f s f ?e 19p p

representing the central relationship for the analy-
sis of ionic strength effects on f of ME.p

2.3. Electric polarisation of cur̈ ed membranes

For spherical geometry the electric pore forma-
tion occurs dominantly in the pole cap areas.
Nevertheless, the actual relaxation kinetic data
reflect u-averages of the electric dipole moments
M u and the actual membrane field strength Eu

m
w x11 . The analysis of ionic strength effects, how-
ever, requires that at first the transmembrane
potential difference Dw is considered. Hencem

Em u u 2¦ ;ˆ ² :D G sy D M d E syb DwHr pol r m m
0

Ž .20

Žwhere, in line with the Maxwell definition Es
. u u w xy=w , E syDw rd and is given by 14 :m m

Ž .² 2:N p« « y« rA 0 W L p Ž .bs 212 d

² u: ²Ž P C .u:Further on, D M s M y M sr m m
² u : ² 2:D P ?V , where V sp r d is the averager p p p
Ž .induced pore volume of the assumed cylindrical
pore. At the positional angle u, the reaction

w xpolarisation is given by 13 :

uu P C P C uŽ . Ž .D P sN P yP sN ?« « y« Er A m m A 0 m

Ž .22

where « is the vacuum permittivity, « P s« s800 W
Ž .water at 293 K the dielectric constant of the
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Ž .pore cluster dominated by the aqueous part W
of the pore state asP and «C s« is that of theL
closed lipid state asC.

2.3.1. Transmembrane potential difference
Ž .The average of Dw in Eq. 20 is defined asm

p12 2² : Ž . Ž .Dw s Dw u sinudu 23Hm m2 0

where, for Dw s0, the local transmembranenat
w xpotential difference is given by 2,13 :

< <cosuu u Ž .Dw sDw qDw 24m ind s cosu

For spherical shells of radius a4d, the station-
Ž .ary value of the interfacially Maxwell]Wagner

induced potential difference Dw is defined asind

3u < < Ž .Dw sy Ea? f cosu 25ind l2

where the conductivity factor f can be generallyl

expressed in terms of a and d and the conductivi-
Ž .ties l , l , l of the membrane, the vesicle cellm 0 i

interior and the external solution, respectively. If,
as usual, d<a, l <l , l , it can be readilym 0 i

w Ž . Žshown that f s 1 q l 2 q l rl r 2l m i 0
.xy1l dra ; for negligibly small membrane con-i

w xductivity, l s0, we have f s1 2,14,15 . Indeed,m l

deviations of the respective data from the extra-
polation line, obtained from the low-field strength
data where f s1 applies, have been used tol

determine the finite membrane conductivity due
w xto ME at higher field strengths 6 . Substitution of

Ž . Ž . Ž .Eq. 25 into Eq. 24 and then into Eq. 23 yields

2b 3 2ˆ Ž .D G sy Ea f qDw 26r pol l sž /½ 53 2

² < < 2: ² < < 2 :where cosu s1r3 and cosu rcosu s0 for
the integration boundaries usp and us0 was
applied. Note that, here too, consistent with

ŽMaxwell’s definition of the electric field Es
.y=w as the negative gradient of the electric

potential, Dw refers to the potential drop for thes
electrodiffusion of positive ions in the direction of

the external field strength vector. In our experi-
mental examples, we may readily neglect the con-
tributions of surface conductance and space
charges on the induced potential difference Dw ,ind
w x Ž .15 see below .

2.3.2. Electrostatic surface potential
Ž .As long as the approximation f l , l , l sl m 0 i

1 applies, i.e. at very small extents of ME, it is the
transmembrane surface potential difference Dws

Ž .which is dominant in the ionic strength I depen-
dence of the electrostatic surface of interfacial

Ž .potential w of a ionic charged membrane. Ad-s
Ž .justed to the directionality specified in Eq. 16

we define here

Ž .Dw sw yw 27s in out

The Gouy]Chapman theory provides an ex-
pression for the I-dependence of w , where thes
charge screening by the layer of counterions re-
duces the nominal surface potential w0 to theS
actual value w which is equivalent to the reduc-s
tion of the nominal surface charge density s s0
q rS to a value ssq rS, where q and q are0 s 0 s
the respective charges and S the surface area.

The solution of the Poisson]Boltzmann equa-
tion for the potential w of z rz s1:1 surfaces s i

Ž .charge}free charge interactions yields w 0 . Fors
Ž .the condition of small surface potentials w x <s

Ž .RTrFf25 mV, w x drops with the distance xs
Ž . w xfrom the surface at xs0 according to 16 :

Ž . Ž . yx r ll Ž .w x sw 0 ?e 28s s

Ž .where the Debye length ll is given by

1r2« « RT1 0 Ž .lls 29ž /F 2 I

and the molar ionic strength is defined by

1 2 Ž .Is z c 30Ý i i2
i

where z is the charge number and c the molari i
Ž 3.concentration molrdm of the ion of type i. For
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a 1:1 electrolyte, Isc, the salt concentration of
the electrolyte. Classical plate condensor theory

Ž .shows that ss« « Esy s« « dw x rd x and0 w 0 w s
Ž .ss« « w 0 rll . We thus obtain:0 w s

s ? llsŽ . Ž .w 0 s 31s « «0 w

Ž .Substitution in Eq. 28 for s ll and s ll ,in outin out
respectively, yields

1r2 s s1 RT in out Ž .Dw s y 32s 1r2 1r2½ 5ž /F 2« « I I0 w in out

Ž .Eq. 32 enters into the expression for Dw ; seem
Ž . Ž .Eq. 24 . We now can specify Eq. 26 for the

description of the dependence on I and I ,in out
respectively, according to:

2b 3ˆD G sy Ea fr pol lž /½3 2

s sRT in out Ž .q y 332 1r2 1r2 5ž /2 F « « I I0 w in out

When the salt concentration of the outside solu-
tion is very different from that of the inside

Žmedium as it is usually adjusted for efficient
.ME , the salt gradient appreciably contributes to

Dw . In this case, the field effect is enhanced onm
Ž .one pole cap of a vesicle or cell and reduced on

w xthe other one; see Neumann et al. 2 .

2.3.3. Double layer capacitance
Since ME increases the surface of the mem-

brane, the surface charge density decreases and
thus also the interfacial potential. Charge conser-
vation for the two states P and C dictates that
q P sqC sq . Since q sS ?ssS P ?s P and usings s s s 0

Ž .Eq. 5 we see that

y1P PŽ . Ž . Ž .S sS 1q f and s ss 1q f 340 p p

Ž .Applying now Eq. A5 of Appendix A to the

ionic double layer condensor of a charged mem-
brane surface with fixed ionic charges, we see that

Ž .dG sDw ?dq sDw ?Sds 35dlay dlay s dlay

where the condensor voltage U s yDwdlay dlay
refers to the potential difference

s llŽ . Ž . Ž .Dw sw 0 yw ll s 36dlay s « «0 w

of the equivalent-condensor with the reference
Ž . Ž .potential w ll s0 and where Eq. 31 was ap-

plied. Straightforward electrostatics defines the
energy of the condensor as

1 s 2S ll2 Ž .G s C ?Dw s 37dlay dlay dlay2 2« «0 w

and the capacitance as

Ž .C s« ?« ?Srll 38dlay 0 w

Ž .We now apply Eq. 37 to the electroporative
state transition C|P. Insertion of the expres-

Ž . Ž .sions 34 into Eq. 37 and using the approxima-
Ž . Ž .tion 1r 1q f y1syf r 1q f syf for fp p p p p

<1 yields the difference term:

S s 2 ll0P C Ž .G yG syf 39dlay dlay p 2« «0 w

Ž .Of course, ME affects both the inside in and the
Ž . Ž .outside out of the membrane. Using Eq. 5 in

² 2:the form f S sN p r and substitution in Eq.p 0 p p
Ž .39 leads to:

² 2:N p? rp pP CŽ . Ž .dlay dlayG V yG V sy 2« «0 w

= s 2 ll qs 2 ll� 4in outin out

Ž .Substitution in Eq. 15 for isdlay finally yields:

² 2:N p? rA p 2 2ˆ Ž .D G sy s ll qs ll 40� 4r dlay in outin out2« «0 w
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2.4. Membrane elasticity parameters

2.4.1. The Helfrich equation
In 1973, Wolfgang Helfrich has proposed an

approximation for the surface energy density gbend
w xof bending a bilayer membrane 17 . The widely

celebrated Helfrich equation:

k 2 Ž .g s C qkC C 41bend 1 22

specifies the bending energy modulus k , a general
curvature term

Ž .CsC qC yC 421 2 0

and the elastic modulus k of the Gauss curvature
C C , where C and C are the principal curva-1 2 1 2

Ž .tures, see Eq. A10 . The parameter C is intro-0
duced by Helfrich as the spontaneous curvature.
A bilayer membrane may be spontaneously curved
if the lipid composition of one monolayer leaflet
is different from that of the other leaflet; for
instance, the lipid headgroups in one leaflet may

Ž .be larger than the hydrocarbon chain thickness
those in the other leaflet. The equilibrium state
then is characterised by C qC sC with en-1 2 0
ergy contents of G sE g dS s kEC C dS s0 0 1 2

2Ž .kE C r4 dS if C sC .0 1 2
The Gauss term kC C remains constant when1 2

w xthe topology of an object does not change 18 . In
Ž .Eq. 41 , the obvious reference g s0 refers tobend

the planar membrane with C sC sC s0, of1 2 0
homogeneous composition and equal solution on
both membrane sides. Obviously, in classical
Gibbs notation, G sE g dS holds.bend bend

2.4.2. The cur̈ ature reaction term
The general bending parameters in the Gibbs

Ž .equation as suggested in Eq. A9 of the Ap-
pendix A are readily expressed with the Helfrich
terms. For ks1, we set b sb and C sC qC ;i k 1 2
for ks2, we have C sC ?C and b sb. Sub-k 1 2 i

Ž .stitution in Eq. A8 yields

Ž . Ž .dG sbdCqbd C C 43bend 1 2

with the differential terms

Ž .dbskC dS and dbskdS 44

Integration within the respective boundaries yields

Ž .bskECdS and bskEdS 45

wIf C is independent of S, the expression bs k?
xEdS ?C represents Hooke’s law, as linear approx-

imation, where terms like C 2 and higher powers
are neglected in the series expansion. Substitu-

Ž . Ž .tion of Eq. 45 in Eq. 43 yields

w Ž .x Ž .dG sEdS kCdCqkd C C 46bend 1 2

Applied to spherical membranes such as those of
lipid vesicles of radius a, we see that EdSsSs
4p a2, C qC s2ra and C C s1ra2. Substitu-l 2 1 2

Ž . Ž .tion in Eq. 46 and using Eq. 42 yields:

2 2Ž .dG V sS k yC d yCbend 0 0ž / ž /a a

1 Ž .qkd 472ž /a

If SsEdS can be considered as practically con-
stant, integration yields

2k 2 kŽ . Ž .G V sS yC q 48bend 0 2ž /2 a a

using the homogeneous planar membrane boun-
daries a ª ` and C s 0 for the reference0
Ž . Ž .G V s0. Note, Eq. 48 refers to a sphericalbend

Ž .shell. Eq. 48 is now applied to states asP and
asC, respectively. Using the approximations S P

Ž . 2sS 1q f sS s4p a and asa as well as0 p 0 0 0
P Pk sk and k sk , we obtain the difference

S ?kP C 0Ž . Ž .G V yG V sbend bend 2

2P 2Ž .= C yC0 0

PŽ .4 C yC0 Ž .y 49a0
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Ž . Ž .Insertion into Eq. 15 and applying Eq. 5 in the
² 2:form S rN sp r rf , yields the final curva-0 p p p

ture reaction term:

PŽ .4 C yC2 0 0P 2ˆ Ž . Ž .D G sB ? C yC y 50r bend 0 0 a0

² 2:N ?k?p rA p
where Bs .2 fp

2.5. Electrostatics of membrane elasticity

Shape and shape deformations of lipid vesicles
Ž .and cells in electric fields have been traditio-

w xnally described in terms of C , k and k 19]22 .0
Each of these elasticity parameters has been split
into a mechanical and an electrostatic part:

C sCel qC mech , kskel qkmech ,0 0 0

el mech Ž .ksk qk 51

At equal chemical composition of the two leaflets
of the bilayer membrane and at equal packing
density in the two monolayers there is no me-
chanical contribution to C : C mech s0 and C s0 0 0

el ˆ ˆelC . For this case D G sD G . Specifically,0 r bend r bend
Ž .Eq. 50 takes the form:

Pel el elˆ Ž .D G sB C yC½r bend 0 0

Pel elŽ . Ž .= C yC y4ra 5250 0 0

where

² 2:N p r kA p Ž .Bs 532 ? fp

If electrostatic contributions are dominant, we
el eluse the approximations ksk and ksk . Obvi-

ously, ME is enhanced by electrostatic curvature
ˆeleffects if D G -0 holds. This is the case forr bend

C )2ra, because the surface charge density of0
the aqueous pore is smaller than that of the

Ž el .P elequivalent closed state: C -C .0 0

2.5.1. Cylindrical and spherical shells
The electrostatic contributions to C , k and k0

have been quantified by using the Poisson]Boltz-
w xmann equation 16 and the Debye]Huckel ap-¨

proximation for diluted electrolyte solution adja-
w xcent to the membrane surfaces 23 . This ap-

w xproach has been used first for monolayers 24 ,
w xthen for symmetric bilayers 25 and for undulat-

w xing membranes 26 . The theoretical results have
proven useful to describe the experimental data
w x20,27 . Helfrich’s concept of spontaneous curva-
ture was found to be especially powerful for the
description of bump formation in red blood cells
w x w x19 and for membrane inclusions 28 .

The C model is equivalent to the area-dif-0
Ž .ference-energy ADE model with a renormalised
w xarea difference 29,30 . The ADE model has been

successfully applied to curvature effects of ME
el el elw x31 . The parameters C , k and k are readily0

accessible to experimental determination if the
electrolyte concentration on one side of a planar
or curved membrane can be varied. The theoreti-
cal approaches to the curvature parameters have
been at first addressed to symmetrically curved
membrane shells such as those of a cylindrical

Ž . Ž .membrane tube cyl and a spherical vesicle sph
w x24 . A spherical membrane shell is characterised
by a mean radius a and a thickness d, respec-
tively:

a qaout in Ž .as , dsa ya 54out in2

Applying the celebrated Helfrich equation in
Ž . Ž .the form of Eqs. 41 and 42 to cylinder and

sphere geometry, the electrostatic contributions
are given by:

kel
2 1 kel 1el el el elŽ . Ž . Ž .g cyl s C y k C qbend 0 0 2ž /2 2a a

Ž .55

kel
2 1el el el elŽ . Ž . Ž .g sph s C y 4k Cbend 0 02 a

1el elŽ . Ž .q 2k qk 562a
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Ž .Note that for cylindrical shells k cyl s0 and the
previously used vesicle radius is a sa.0

2.5.2. Elasticity parameters and Debye length
As outlined in Appendix B, theory provides

specific expressions with the same expansion
Ž . Ž .characters as those in Eqs. 55 and 56 ; see Eq.

Ž .A22 .
For both cylindrical and spherical shells we find

that:

wŽ .Ž .x2 ll n 1qb 1qbout inel Ž .C s 570 Ž .a g qgout in

1r22s
where bs 1q ,ž /4

Ž .ll 8 1y1rb
gs 1y ,ž /sa

e s ll0ss ,
« « kT0 w

and

2kTel Ž . Ž .k s2 a« « g qg 580 w out inž /e0

elŽ .The expression for k sph is quite involved and
is given in Appendix B.

Ž .For the case of thin shells d<a and very low
effective, i.e. screened, surface charge densities
Ž .at cG0.1 M , the parameters are very small: i.e

Ž .ssse ? llr « « kT <1.0 0 w
Ž .In this case d<a; s<1 we obtain:

Ž 2 2 .2 s ysin outel Ž .C sy 590 2 23 s ll qs llŽ .in outin out

23 kTel 2 2 Ž .k s « « s ll qs ll 60Ž .0 w in outin outž /8 eo

kT 2 2el Ž .k sy s s ll qs s ll 61Ž .in in out outin out4e0

Ž . Ž .Eqs. 59 ] 61 explicitly cover the dependencies

on the salt concentration via the Debye length
and the surface charge densities. If c in scout,
then the Debye lengths are also equal: ll s llin out

Ž . Ž .s ll , and Eqs. 59 ] 61 lead to the simple ap-
proximations already derived by Winterhalter and

w xHelfrich 23 :

4d 3s 2 ll 3
el elC sy , k s , and0 4« «3a ll 0 w

s 2 ? ll 3
el Ž .k sy 622« «0 w

Note, difference from Winterhalter and Helfrich
w x23 , here 2ds2 dra refers to the difference

Ž . Ž .between s ss 1qd and s ss 1]d , wherein out
s is the charge density of the planar monolayer
Ž .equal for the inner and the outer leaflet . For
the symmetrically charged curved bilayer Cel -0,0
rationalised by the larger repulsive forces between
the charged groups of the inner leaflet, i.e. larger

Ž .curvature 1ra )1ra . For a planar bilayer, ifin out
the concentration of ions is equal on the two
membrane sides, Cel s0.0

2.5.3. Area difference elasticity
The chemical composition of both the mem-

brane and the adjacent solutions may affect the
spontaneous curvature C . Different repulsive0
forces, due to different screening for instance,
cause different packing densities. This produces

Ž .an area difference elasticity ADE Gibbs energy
w x w x29,30 , affecting also ME 31 .

At constant area of the midsurface, whose cur-
vature is C qC s2ra, the effective area dif-1 2

Ž . w xference DS is given by 30 :0

2ˆ Ž .DS sDS q2C da ra 630 0 0

where a is the dimensionless material parameter;
for 1-stearoyl-2-oleoyl-sn-glycero-3-phosphati-

ˆŽ . w xdylcholine SOPC af1 20 . The parameter DS0
ˆ outŽis the relaxed area difference: DS s N y0

in . out inN rf , where N and N are the total num-0
ber of lipid molecules in the outer and inner
leaflets, respectively, f is the equilibrium surface0
density of the molecules in a monolayer of a flat
membrane.
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The decrease in the ADE]Gibbs energy due to
the formation of N cylindrical pores is given byp
w x31

pak 2P C PŽ . Ž . Ž .G V yG V s DSyDSADE ADE ½ 02d S0

2Ž . Ž .y DSyDS 6450

Ž .where, DS sph s2S ?dra is the total area dif-0
ference between the neutral surfaces of the two
monolayer leaflets and S s4p a . If N out sN in

0 0
Ž .can be used, in particular for large a , Eq. 630

el 2yields here DS s2C da ra and for the pore0 0
P el P 2 PŽ .state we have DS s2 C da ra using a sa.0 0
Ž el .P elAs argued before, C -C because of smaller0 0

repulsive forces at the inequality s P -s. Again,
Ž . Ž .analogous to Eqs. 49 and 52 we have:

NAel elˆ ˆD G sD G sr bend r ADE Np

P CŽ Ž . Ž . .= G V yG VADE ADE

Ž .65

el PIf C )2para, i.e. DS )DS holds and DS0 0 0
Ž w x. Plies in the interval DSy DSyDS -DS -0 0
ˆelDS , we see that D G -0; hence ME is facili-0 r ADE

eltated. On the other hand, if C -2para or0
Ž w x. PDSy DSyDS )DS holds, ME leads to an0 0

Ž .increase in G V , thus ME is hindered by theADE
Cel effect.0

2.5.4. Shape deformations
As already mentioned, electrooptical relaxation

experiments of lipid vesicles clearly indicate two
kinetic phases of membrane surface increase DS

w xsDS qDS in an external electric field E 9 .p ss
Ž .The rapid phase tf0.1 ms is consistent with

field-induced membrane stretching and smoothing
Ž . Žof undulations DS and the slower phase tf1s s

. Ž .ms reflects DS of electric pore formation byp
ME. The relaxation amplitude of the ME-phase
reflects the balance between electrical and elastic
stresses on the membrane and is characterised by
a stationary value Da sz of the increase inmax 0

w xthe vesicle radius. Theory provides 22 :

2 4« « E a0 W Ž .z s 660 Ž .32k 1yC ar60

where the radius occurs in the 4th power render-
eling Da strongly dependent on a. If C sCmax 0 0

and kskel applies, z can be strongly dependent0
Ž .on transmembrane salt gradients; see Eqs. 59

Ž .and 60 . In summary, not only electric pore for-
mation but also the elongation of vesicles and
cells and the modulations of these field effects
can be rigorously described in terms of our
chemophysical model for the electroporation]re-
sealing cycle.

2.5.5. Turbidity dichroism and pore fraction
One of the most powerful techniques to experi-

mentally determine the pore fraction f is chemi-p
cal relaxation spectrometry in electric fields
w x2,8,13 . Recent progress in instrumentation pro-

w xvides very reliable tools 32 to determine rapid
absorbance and turbidity changes in polarised
light simultaneously at different light polarisation
modes.

In particular, the turbidity modes DTyrT of0
deformational]orientational dichroism DTy, rel-
ative to the turbidity value T at zero field, and0
the relative chemical change DTqrT , where DTq

0
is due to changes in the refractive index of the
membrane upon entrance of water during elec-
troporation, are the quantities of choice.

Straightforward analysis shows that the vesi-
clercell shape elongation parameter p can be
related to the dichroism mode DTy. For small
elongation p-1.5, where pscrb is the ellip-

Žsoidal axis ratio c, the long axis; b, the short
. y Ž .axis , DT is linearly proportional to py1 . For

Ž .very small elongations pF1.13 , the relative in-
crease in the membrane surface area DSrS at0
constant volume of the vesiclercell interior is

w xgiven by 9

DS 8 2Ž . Ž .f py1 67S 450

Ž . in outRecalling Eq. 16 with Dcsc yc , the trans-
membrane difference in salt concentration and
Dcs0 for c in scout, we readily see that:
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1r2D cy D c D cŽ .DT p y1 DS Ž .s f 680 0 0ž /y p y1 DSŽ .DT

Ž .Applying Eq. 5 yields the suggestive result:

2D c D cD c yf Ž .K DTp Ž .s f 690 0 0yž /f K Ž .DTp

In this way, the turbidity mode DTy provides a
Ž .direct tool to determine, using Eq. 17 , the dif-

ference in the Gibbs reaction energy terms

D cyŽ .DTD c 0ˆ ˆ Ž .D G yD G sy2 RT ll n 70r r 0yŽ .DT

2.6. Transport analysis

As already mentioned, the phenomenon of ME
is coupled to secondary processes such as fusion

Žof adjacent electroporated membranes electrofu-
.sion or to exchange of material from the inside

w xto the outside 10,33 or from the outside to the
w xinside 14,34,35 . The extent of material exchange

may be operationally defined as a permeability
Ž . Ž . Ž .ratio r s Sig r Sig , where a signal Sig ispm max

Ž .referred to its maximum value Sig .max
For electrohemolysis, r sDODrDOD ispm max

the fraction of hemolysed cells measured by the
Ž .optical density OD of the released haemoglobin

in the supernatant. The electroporative gene
transfer defines r sTrT as the ratio of max-pm max

w ximally transformed cells 4,14 . Electroporative
dye uptake is quantified by the ratio of coloured

w xcells 34 . The ME secondary phenomena, cov-
ered by r , oftenly only occur above a certainpm
threshold value E of the electric field strength.th
Since ME is a continuous process without thresh-

w xold features 2,11 , the inequality EGE refersth
to a critical range of f G f crit. The field strengthp p

Ž .where r s1 refers to f r s1 which may, orpm p pm
Ž .may not, be the maximum f max that is limitedp

by the finite membrane conductivity caused by
electropores. Indeed, many electropermeabilisa-
tion data suggest that r s1 is at a field strengthpm

Fig. 1. Scheme for the relationship between pore fraction and
Ž . Ž . Žpermeability ratio: a f , b r electropermeabilizationp pm

.ratio , defined as the ratio of a measured signal to its maxi-
mum value, both as a function of E2. Note, r increasespm
from a critical value f s f crit at E and levels off at f s f rs1

p p th r p p
Ž Ž . Ž . .see Eqs. 71 and 72 of the text .

Ž .far below f max ; see below. The experimentalp
quantity r may be expressed in terms of f , aspm p
graphically indicated in Fig. 1, according to:

f y f crit
p p Ž .r s 71pm critŽ .f r s1 y fp pm p

The reason for the abscissa scaling in E2 is Eqs.
Ž . Ž . y210 and 20 . Since always Kf f F10 holds,p

w 2 xf is proportional to exp yb9 ?E , where b9 is ap
constant.

In the majority of previous studies, only the
range EGE , and thereby implicitly f G f crit,th r p p
has been considered in using the practical approx-
imation:

Ž . Ž .r s f rf r s1 sb0 ? f 72pm p p pm p

where b0 is a proportionality constant.
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Fig. 2. Effect of electrolyte concentration on the time course
Ž y .of the field-induced relative turbidity changes DT rT of0

Ž . y Ž 5lipid vesicles. A The dichroitic difference DT rT s DT y0
H. Ž . Ž . q Ž 5DT r T and B the chemical sum DT rT s DT q0 0

H. Ž .2DT r 3T of the relative turbidity changes at the parallel0
Ž 5 . Ž H.DT and perpendicular DT light polarisation modes at

Ž .ls365 nm: a at a large NaCl concentration difference: in
in w xin outthe vesicle interior c s NaCl s0.2 M, medium c s

w xoutNaCl s0.2 mM, osmotically balanced with 0.284 M su-
Ž . in outcrose and b at equal concentrations c sc s0.2 mM.

The unilamellar vesicles are composed of Avanti 20, total lipid
w x Ž .concentration L s0.5 mM; 0.66 mM HEPES pHs7.4 ,T

Ž .Ts293 K 208C , vesicle radius a s160 nm, vesicle densityo
r s5.8=1015 dmy1. Application of one rectangular electricV
pulse, field strength Es4 MV my1 and pulse duration t s10E

w xms 3 .

3. Data analysis and discussion

3.1. Primary electrooptical relaxation data

The kinetic data in Fig. 2 demonstrate that
both electrooptical turbidity relaxation modes,
DTy and DTq, are larger for a finite transmem-
brane salt gradient Dcsc in ycout as compared

Ž .with Dcs0. Obviously, in line with Eq. 19 , ME
is enhanced when the outside concentration of

Ž .electrolyte of a vesicle or cell is small; note that
here Dcfc in s0.2 M.

Fig. 3 shows that the salt gradient effect is

dependent on the field strength, yet at higher
field strengths the difference f D c y f 0 is roughlyp p
independent on E. The analysis of the DTy and
DTq relaxations starts with the evaluation of the
ellipsoidal elongation parameter p, reflecting the
relative surface area increase. We use the numer-

w xical code method of Farafonov et al. 36 , solving
the electromagnetic scattering problem for confo-
cal coated spheroids. The computer analysis, us-
ing the refractive index of the lipid membrane

Ž .n s1.600 Avanti-20 and the medium n sll m
1.3620 of 0.284 M sucrose solution, n s1.3517m
for c in scout s0.2 mM and n s1.3517 for c in sm
0.2 M, yields ps1.126 at c in scout s0.2 mM and
ps1.183 at c in s0.2 M and cout s0.2 mM. The
duration of the pulse t s10 ms is too short for aE
measurable transport of electrolyte from the vesi-
cle interior through the electropores to the bulk
solution. Therefore the vesicle internal volume
can be considered unchanged. The relative in-
crease in the membrane surface area required to
elongate a vesicle at constant volume is given by:

y2r3 1r3 y2'DSrS sp r2qp ?arcsin 1ypž /0

y2 Ž .'r 2 ? 1yp y1 73ž /
For ps1.126, we obtain DSrS s2.46?10y3 ; for0

y3 Žps1.183, DSrS s4.9?10 see also Neumann0
w x.et al. 9 .

² 2: Ž 2 .Fig. 3. Fraction f sDS rS sN ? r r 4 ?a of the elec-p p 0 p p o
troporated membrane area of a vesiclercell of surface S s4 ?0
p?a2 , as a function of the external field strength E, calculatedo

Ž . D cfrom the turbidity relaxations in Fig. 2 . B, f , refers top
in 3 out 0 Ž .c s10 ?c s0.2 M; v, f , refers to Dcs0, f s f 0 .p p p
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3.2. Characteristic electromechanical parameters

3.2.1. Stretching and undulation modes
In principle, the two main contributions to the

electrically induced surface area increase DSs
DS qDS should be separable on the time scale.p ss

Ž .The contribution DS due to stretching ands s
smoothing of undulations should be more rapid

Ž .than that of membrane electroporation DS .p
The turbidity relaxation data in Fig. 2 do not
permit to easily separate a rapid and a slow
relaxation mode at Es4 MV my1. Therefore we
first estimate extent and time constant of a poten-
tial mode referring to DS .s s

3.2.1.1. Amplitudes. Using a typical compression
modulus of K s0.2 Nmy1 and a bending rigiditys

y19 w xks10 J 29 in the expression DS rS skT ?s s 0
Ž . Ž . Ž .ll n jrj r 8 pk q jyj rK , where j and j0 0 s 0

are the homogeneous lateral tensions in the pres-
ence and in the absence of an electric field,

w x 2 w xrespectively 37 , with jf3 « « E r20 10 .0 w
2 y19 w xSince ksK d r48f10 J 38 , DS rS ss s s 0

Ž . Ž . ŽVrk , where V s kT ? ll n jrj r 8p q j y0
. 2 in outj d r48. For Dcsc yc s0.2 M, we obtain0

DksDkel sy0.25=10y19 J. The respective am-
plitude ratio for Dcs0.2 M and Dcs0 is given

Ž D c 0 . 0 el elby DS yDS rDS syDk rk s0.25. OnSS SS SS
Žthe other hand the actual amplitude ratio is 4.9

.y2.46 r2.46f1. Therefore, the data in Fig. 2
cannot only reflect the contribution of stretching
and undulative smoothing. Rather, the major part
must be due to ME. The extent of ME now is

Ž . Ž inf s DS y DS rS . With DS rS c s 0.2p ss 0 s s 0
. y3 Ž in .mM s1.6=10 and DS rS c s0.2 M ss s 0

2.0=10y3, the initial value of j can be esti-0
mated: j f3=10y4 Nmy1.0

3.2.1.2. Time constant estimates. According to Ko-
Ž .mura 1996 the stretching time constant is given

w xby t fharK s0.7 ns 39 , the undulationstr s
Ž 3 .smoothing time constant t fy 5h r16k ? lnund

w Ž . Ž 2 3.x1]64 py1 kr 3« « E a , where h is the vis-0 w
cosity. For ps1.126, t f0.07 ms; for ps1.183,und
t f0.1 ms. Both t and t are usually smallerund str und
than the interfacial polarisation time constant

Ž y1 y1 .t , that is given by t saC l ql r2 .pol pol m i 0
With C s5=10y3 F my2 , l s1.2 S my1 andm i

y1 wl s2.6 mS m see f in the context of Eq.0 l

Ž .x Ž . Ž25 , we obtain t Dcs0.2 M s0.47 ms l spol i
y1 . Ž . Ž1.2 S m and t Dcs0 s0.16 ms l sl spol i 0

y1 .2.6 mS m .
Since the Maxwell]Wagner interfacial polarisa-

tion process is rate-limiting for the build-up of
the transmembrane potential difference Dw , itind
also limits the kinetics of the stretching and undu-

Ž .lation modes F0.5 ms . Because the actually
Ž . Žobserved time constants see Fig. 2 t Dcs0.2

. Ž .M s0.6 ms and t Dcs0 s0.9 ms are larger
than the t -values, the measured relaxationspol
must be due to the slower process of electropore
formation.

3.2.2. Electroporation parameters in salt gradients

3.2.2.1. Pore fractions. With DS sDSyDS andp ss
Ž . 0 y3 in outEq. 5 we obtain, f s0.7=10 at c sc sp

0.2 M NaCl and at Dcf0.2 M NaCl, we have
f D c s2.7=10y3, yielding f D crf 0 s3.9. Using nowp p p

ˆN D cŽ . wŽ .Eq. 19 , we see that D X s y D G yr
ˆN 0Ž . xD G s1.36 RT. On the other hand, ther

Ž . Ž . Ž . Ž .calculation of D X, using Eqs. 13 , 18 , 33 , 40
Ž . Ž . w xand 52 or Eq. 65 , and r s0.35"0.05 nm 6 ,p

ss0.018 Cmy2 , N out fN in , af1 and C sCel ,0 0
yields D Xs1.39 RT. This is close to the experi-
mental value, suggesting that the theoretical re-
sults are consistent with the experimental data.

3.2.2.2. Salt gradient sensitï ity. As seen in Fig. 4,
el el elthe parameters C , k and k for vesicles change0

differently with increasing c in , relative to a given
cout s0.2 mM. The scaling parameter is the sur-
face charge density. For instance, for sF0.01
Cmy2 the saturation levels at c in f10y3 M clearly
become visible, in line with the calculations of

w xWinterhalter and Helfrich 25 . The opposite sign
of Cel as a function of c in , compared to kel , can0
be rationalised by the different nature of these
parameters. Whereas Cel is only dependent on0

2 w Ž .xthe differences in the s -terms Eq. 59 , the
el elparameters k and k are dependent on the

2 2 Ž .absolute values of s ll and ss ll , see Eqs. 60
Ž .and 61 , respectively.

For equal charge densities sss ss s0.01in out
Cmy2 on both sides of the membrane and c in s

out Ž . el 7c s0.2 mM, Eq. 62 yields: C sy1.8=100
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Fig. 4. Elasticity parameters of vesicle membranes. Elec-
el el elŽ . Ž . Ž .trostatic contributions C a , k b and k c to the0

spontaneous curvature, bending rigidity and Gaussian elastic
modulus, respectively, as a function of concentration c in of
NaCl in the vesicle interior. The calculations are performed
here for the vesicle radius a s160 nm, membrane thicknesso

Ž .ds5 nm, Ts293 K 208C and dielectric constant of water
Ž .« s80.4 293 K . The arrow indicates the electrolyte concen-w

tration equality c in scout s0.2 mM.

y1 el y20 el y20m , k s3.9=10 J, k sy7.0=10 J.
Cel is comparable to 1ra s0.63=107 my1 for0 0
a s160 nm. If Cel -0, it increases Gel . If0 0 bend
c in )cout, Cel )0, contributing negatively to Gel

0 bend
up to Cel F2ra . For Cel )2ra , Cel increases0 0 0 0 0
the bending energy. Generally, however, Cel may0
either increase or decrease Gel .bend

It is further on remarked that the internal salt
concentration c in does not affect the outer mem-
brane side. Therefore a change in c in , here from
c in s0.2 M to c in s0.2 mM, does not change
Dw ; Dw may be, however, somewhat smallerind ind

Ž . w xthan given by Eq. 25 15 . The specific capacities

in Ž .of the two double layers C 0.2 M s« « rlldlay 0 w in
y2 out Ž .s1.08 F m and C 0.2 mM s« « rll sdlay 0 w out

0.034 F my2 are much larger than that of the
membrane C s5=10y3 F my2 . Hence, they dom
not affect Dw either. In addition, because ofind

Ž .f <1 f f0.003 , the pore formation at lowerp p
field strength does not affect the conductivity

Fig. 5. Thermodynamic parameters of the vesicle membranes
as a function of the logarithm of the NaCl concentration c in

in the vesicle interior at the constant outside concentration
out Ž . Ž .c s0.2 mM: a the fraction f dashed lines of the elec-p

troporated membrane area; ` and v, f obtained from thep
analysis of the dichroitic turbidity mode DTyrT and the0
chemical mode DTqrT in Fig. 2 at Es4 and 7 MV my1,0

Ž . D c 0respectively; b the difference D XsX yX of the ionic
D c Žstrength dependent standard Gibbs reaction energies X at

0. Ž .Dc)0 and X at Dcs0 assuming cylindrical pores, r sp
ˆŽ . Ž .0.35"0.05 nm; c individual contributions of D G bend ,r bend

ˆ ˆ mech y19Ž . Ž . ŽD G dlay and D G pol , k s10 J, ss0.018 Cr dlay r pol
y2 . in out Ž .m . The arrows x refer to c sc see the text .
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factor f . Therefore, f s1 may be consideredl l

constant, independent of c in in the range used
here.

The presence of sucrose affects the dielectric
Ž .constant « s80.4 at 293 K only slightly. Atw

w xsucrose s0.284 M, to balance the osmolarity of
the 0.2 mM NaCl solution with 0.2 M NaCl, we

Ž . w x Ž .obtain D«s« y« suc sy1.2 40 , thus « sucw w
f« is a good approximation.w

As shown in Fig. 5, concomitant with f , it isp
ˆthe term D G in D X that controls the depen-r pol

dencies on c in , showing a minimum near c in scout.
In the polarisation term, it is the contribution of
Dw to Dw which renders it dominantly sensitives m
to salt gradients. The minimum in yD XrRT at
c in fcout visualises that, in line with experimental
experience, membrane electroporation and thus
electroporative permeability changes are facili-
tated only if there is a larger difference in the salt
content between inside and outside of the vesicle
or cell.

Fig. 6 clearly shows that it is again the dielec-
tric polarisation term which, via the surface charge
density, is most sensitive to salt concentration, in
particular in the practical range between 0.005F

y2 Ž .srC m F0.015. Note that ll 0.2 M s0.7 nm
Ž .and ll 0.2 mM s20.8 nm. Because a s160 nm,0

the approximation llra <1 is applicable. On the0
Ž . Ž .same line, « r« ds 80r2 ?5 nms200 nm,w L

Ž .hence the approximation ll< « r« ?d holdsw L
throughout.

ˆ ˆŽ .Fig. 6. The reaction Gibbs energies D G bend , D Gr bend r dlay
ˆŽ . Ž .dlay and D G pol , all as a function of the surface charger pol

density s at c in s0.2 M and cout s0.2 mM, pore fraction
f D c s0.003; see also Fig. 5.p

3.3. Electroporatï e permeability parameters

Fig. 7 shows that, using an already very simple
Ž .approximation, Eq. 72 , the permeability data

Ž .can be well rationalised in terms of Eq. 71 ,
displayed in Fig. 1. In Fig. 7, it is seen that rpm
increases with the transmembrane salt difference,
expressed logarithmically as the difference RT ? ln
Ž in out.c rc of the chemical potentials at the salt

out Ž inconcentrations. The concentrations c with c
.f0.15 M have been estimated from the conduc-

tivity data. Apparently, at a given field strength,
ME has already reached a membrane state where
r s1, where the field effect causes maximumpm
material exchange. Any further increase in the
transmembrane gradient is ineffective.

In detail, the data show that r increases withpm
out Ž . indecreasing c from l at constant c . Since a0

Ž .decrease in l decreases the factor f in Eq. 25 ,0 l

a decrease in cout should reduce the extent of
ME and thus reduce r . This is in contrast topm

Ž .the data Fig. 7 . Indeed, it is the increase in Dc
ˆD c ˆ0Ž .and thus the increase in D Xsy D G yD Gr r

which favours ME and thus increases r . Itpm
appears that pore size and pore density must
reach a certain threshold value before transport
across the electroporated membrane can occur.

3.4. Entropic and adsorption contributions to C0

Besides Cel , C has been suggested to have two0 0
further contributions: a so called entropic term
Centr and an adsorption term Cad. We may under-0 0
stand that addition of sucrose or salt to the solu-
tions changes the solvent composition and thereby
the interface between membrane and the adja-
cent solution. According to Lipowsky and

w x Ž .Dobereiner 41 we have in different notation :¨

RTentr inŽ .Ž . Ž .C s r y r dq r q r c x 740 i suc i suc suc2k

where r s r qf r yf0.15 nm is the mean ra-i Na Cl
dius of the hydrated salt ions and r f0.7 nmsuc
that of the hydrated sucrose molecule; x ssuc

Ž in .n r n q2 n is the mole fraction of sucrosesuc suc
with nin sV ?c in , c in s0.2 mM referring to NaCl,
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Fig. 7. Theoretical interpretation of electropermeabilization
Ž . Ž . Ždata: a haemolysis H data of human erythrocytes r spm

. w x Ž .%Hr100% H of Sukhorukov et al. 47 ; b field-induced
uptake of the dye Trypan blue into human lymphoma cells U

Ž Ž937 r sblue-stained cellsrtotal blue-stained and un-pm
.. w xstained of Velizarov et al. 48 , both as a function of the

difference Dcsc in ycout. A typical value for the cell inside is
c in f0.15 M. The outside concentrations cout have been cal-

w xculated from the conductivities given by the authors 47,48
The solid lines refer to the scaling approximation r sb? fpm p

crit max w Ž .xfor f F f F f , EGE see Eq. 72 .p p p th

i.e. Naq-ions and Cly-ions. Here c f0.284 M,suc
hence n s0.284 M ?V and with c in s0.2 mMsuc
x f1. At Ts293 K and with kf10y19 J andsuc
ss0.018 C my2 , we estimate: Centr sy0.15=0
108 my1.

If the sucrose molecule is adjacent to the lipid
head groups, it may be considered as adsorbed.

w xThe adsorption term is given by 41 :

RTad Ž . Ž .C s dq2 r G 750 suc suc2k

where G is here the amount n sN rN ofsuc suc suc A
N molecules adsorbed per area unit. Using nowsuc

y6 y2 ŽG fG sy1.4=10 mol m N s8.4=suc glu suc
1017 my2 , the value of glucose near egg lecithin

w x. adslipid membranes 42 , we estimate C s1.1=0
8 y1w x10 m 43 .
It is realised that Centr is smaller than Cel , but0 0

Cads is similar to a the electrostatic contribution0
Cel. So far there is no reliable estimation for0

Ž entr .P Ž ads.Peventual differences between C and C0 0
in the pore state P compared to those C -values0
of the closed bilayer state C. Therefore, at pre-

ˆsent the Gibbs reaction energy terms D Gr Žentr.
ˆ ˆand D G , analogous to the other terms D Gr Žads. r i

ˆNcontributing to the total D G have not beenr
specified.

4. Conclusion

The theoretical analysis shows that transmem-
brane salt concentration gradients can signifi-
cantly modify spontaneous curvature, bending
rigidity and modulus of Gaussian curvature, if the
electrostatic interactions between the charged
groups of the lipids are affected. Different Debye
screening lengths on the two membrane sides
generate a difference in the surface potentials
which in turn affects the extent of ME. Ionic
strength-dependent alteration in the elastic
parameters and the surface potentials may either
facilitate or hinder the formation of electropores.
Generally, large concentration gradients and high
charge densities at the membrane water interface
increase extent and rate of electric pore forma-
tion and the subsequent deformation of vesicles
and cells in an electric field.

The experimental data of the turbidity
dichroism of salt-filled vesicles are consistent with
the theoretical approach. Therefore the theoreti-
cal framework developed in this study may pro-
vide guidelines for the optimisation of the experi-
mental conditions for the electroporative transfer
of drugs and genes to tissue cells.
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Appendix A: Gibbs equation for chemophysical
processes

The fundamental Gibbs equation, generally ap-
plicable for isobaric]isothermal processes in a

w xhomogeneous phase a is given by 44 :

Ž .dGsyS9dTyVd pqÝ x ?X A1k k k

where S9 is entropy, V the volume, p the external
pressure. The parameter x is the generalisedk
force and X the generalised displacement ofk
type k, respectively.

If p and T are same before and after the
process, i.e. d ps0 and dTs0, the Gibbs energy

Ž .function G x, X relevant for ME reads:p,T

dGsÝ m dn qEd MqwdqqGdSqgd Lj j j

Ž .qÝ b dC A2k k k

For processes which can be controlled by exter-
nally applied electric fields it is appropriate to

Ž .group together certain terms in Eq. A2 accord-
ing to:

Ž .dGsdG qdG qÝ dG A3chem el i i

The chemical term dG , referring to positionalchem
changes or to reactive changes of the molecules
such as a conformational transitions, is given by:

Ž .dG sÝ m dn A4chem j j j

Ž . Ž .and is discussed in the context of Eqs. 6 and 12
of the main text.

The electric term

Ž .dG sEd M A5el

covers the contribution of the external electric
field E and the overall electric dipole moment M
of a phase.

Other physical terms are presented in the sum
Ý dG . For instance, surface or interfacial chargesi i

< <q sÝ z ?e , where z is the charge numbers j j 0 j
Ž .with sign and e the elementary charge, are0

Ž .accounted for by issurf :

Ž .dG sw dq A6surf s s

Ž .where w is the actual eventually screened elec-s
tric surface potential at a point in the mem-

Žbranersolution interface. The surface or inter-
.face tension G of the interface area S is repre-

sented by

Ž .dG sGdS A7tens

The interface of a lipid pore is associated with a
higher Gibbs energy. This edge energy is given by:

Ž .dG sgd L A8line

where g is the line tension and L is the edge
length; for a cylindrical pore Ls2p? r , wherep

2² :r s r is the mean pore radius. The elastic'p p

curvature of a membrane may generally be cov-
ered by a bending term

Ž .dG sÝ b dC A9bend k k k

where b is the generalised curvature force andk
ŽC is the generalised curvature coordinate re-k

.ciprocal radius of the type k, respectively. See
Ž .Eq. 43 of the main text.

A.1. Geometrical cur̈ ature

Ž .In Eq. A8 , both the principal and the Gauss-
ian curvatures as well as Helfrich’s spontaneous
Ž .or chemical curvature are covered. Classical
differential geometry, see, e.g. Landau and Lifs-

Ž .chitz 1991 , provides an expression for the energy
Ž .density of bending g of a curved thin platebend

of the thickness d.
In Gibbs notation, the Gibbs energy required

for a displacement d z relative to the X, Y-plane
is given by:
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22 2k ­ z ­ z
G sEdS ? ? qbend 2 2½2 ž /­x ­ y

22 2 2­ z ­ z ­ zŽ .q2 ? 1ys ? yP 2 2ž / 5­x­ yž /­x ­ y

Ž .A10

where EdSsS represents the surface considered.
The energy parameter is specified by the elasticity

3 w Ž 2 .xor bending rigidity: k s E ? d r 12 ? 1 y s ,P
Ž .where E is the elasticity or tension modulus, sP

is the Poisson number characterising the
Žtransversal contraction of the plate, s s 3KyP

. w Ž .x Ž y2 .2m r 2 3Kqm , K in Nm is the compres-
Ž y2 .sion modulus, and m in Nm is the torsion

modulus.
If the plate is a part of an ellipsoid of revolu-

tion with the symmetry axis Z, the displacement z
2 2 2Ž .'is given by zsc ? 1y x qy rb , where b

and c are the main semi-axes of the ellipsoid.
Ž .Substitution of z in Eq. A10 yields that

Ž 2 .2 Ž 2 2 . Ž 2 .­ zr­x­ y y ­ zr­ y ? ­zr­ y s0, indepen-
dent of the orientation of the symmetry axis of
ellipsoid. The two principal curvatures of the el-

2 2 Žlipsoid can be expressed by C s­ zr­x r 1qx
Ž . 2 . 3 r 2 2 2 Ž­ zr ­ x and C s ­ zr ­ y r 1 qy
Ž .2 .3r2­zr­ y . Around the zero point of the local
coordinate system with Z-axis parallel to the
membrane normal of a vesicle or a cell with c,

Ž .2b 4 d, the inequalities ­ zr­ x < 1 and
Ž .2­zr­ y <1 are fulfilled, and the expressions
for the principal curvatures C and C simplifyx y
to:

2 2 2 2 Ž .C s­ zr­x , C s­ zr­ y A11x y

Ž .Substitution into Eq. A10 yields

k 2Ž . Ž .G sEdS ? ? C qC A12½ 5bend x y2

covering the two principals curvatures C sCx 1
and C sC in Helfrich’s notation.y 2

( )A.2. Dipolo- electro- chemical potential

The adequate thermodynamic work potential

Ž .for the description of electric field E effects is
w x w xthe characteristic 45 or the transformed 46

Gibbs energy, defined as:

ˆ Ž .GsGyE?M A13

where the total moment is given by MsÝ M ?n ,j j j
² :M sN m , where M is the molar momentj A j j

² :and m the orientational average of the electricj
dipole moment vector m of species j, respec-j
tively. In Guggenheim’s notation, MsV ?« ?«?E2

0
w x45

Ž .Applying Eq. A3 in the reduced form for
electric field effects,

Ž .dGsÝ m dn qEd M A14j j j

and substituting in the differential form of Eq.
Ž .A13 , we obtain

ˆ Ž .dGsÝ m dn yMd E A15j j j

where now E is the independent variable, as
ˆŽrequired. The differential operation dGr

E.dn s m s m y M d E defines theˆ Hj p,T ,n/ n j j jj
0

Ž . w xdipolo- or dielectro- chemical potential 12 ,
where the notation n/n means all n constantj
except for n .j

A.3. Chemophysical potential

The more general transformed Gibbs energy,
adequate for the energetics of ME is an extension

Ž .of Eq. A15 :

ˆ ˆ Ž .dGsdG qdG qÝ dG A16chem pol i i

where the polarization Gibbs energy is defined by

ˆ Ž .dG syMd E A17pol

Ž .Applying Eq. A3 and the differential operator
Ž .drdn to Eq. A16 we may formulate a gener-j

alised chemophysical potential according to
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ˆ­G Ž .m s sm qN ?Ý Hx d X A18ˆ j j A k k k­nž /j p ,T ,n/n j

The standard value of the chemophysical poten-
tial specified for ME reads

N N Ž .m sm yHM dn qN ?Ý Hx d X A19ˆ j j j j A k k k

ˆa N aŽ .and enters into G sÝ n ?m as discussed inm j j j m
Ž .the context of Eq. 6 of the main text.

A.4. Gibbs reaction energy terms

Applying the classical differential reaction
operator D sdrdj, where djsdn rn is ther j j
differential molar advancement of the process
Ž .e.g. a state transition , n is the amount of sub-j
stance and n is the stoichiometric coefficient ofj

Ž .component j, respectively, to Eq. A16 we obtain
the suggesting grouping:

ˆ ˆ ˆ Ž .D GsD G qD G qÝ D G A20Ž .r r chem r pol k 9 r k 9

w xAs outlined previously 2 the remaining physical
Ž .terms k9 can be specified according to Eq. A2 .
S PˆŽ . ŽFor instance, Eq. A7 yields D G sN ? GHr tens A

0
LC P Cˆ. Ž . Ž .yG dS; Eq. A8 : D G sN ? g ygHr line A

0
C P P CˆŽ . Žd L and Eq. A9 : D G sN ? b ?C yb ?Hr bend A i i i

0
C .C dC .i i

Appendix B

The total electrostatic bending energy density
g el can be represented as the weighted sumbend

Ž . Ž .between the inside in and outside out leaflets
w x25 :

2el elŽ . � Ž .g cyl s a ?g cylbend out outa qaout in

el Ž .4 Ž .qa ?g cyl A21in in

2el Ž .g sph sbend 2 2a qaout in

� 2 el Ž .= a ?g sphout out

2 el Ž .4 Ž .qa ?g sph A22in in

The terms g el and g el , each are developed as aout in
power series of 1ra, for a and a , respectively,in out
according to:

1 12el Ž . Ž .g sg " g ? ll q g ? ll A23Ž .0 1 1 2a a

where the y sign of the term g ? ll refers tol
g in ? ll and the q sign to g out ? ll .1 1in out

Ž . Ž .Substitution of Eq. A23 into Eqs. A21 and
Ž .A22 yields rather elaborate expressions. For in-
stance, the cylinder term is:

ainel in outŽ .g cyl s g qg ?d9bend 0 0½a

in outg ? ll g ? ll ?d91 1in outy ya ain out

2 2in 2g ? ll g ? ll ?d92 outin out Ž .q q A242 2 5a aout out

where d9s1qdra . Comparison of the coeffi-in
Ž . Ž . Ž .cients in Eqs. 55 and 56 of the text yields a

for a cylinder shell:

2el elŽ .k ? C a0 in in out� Ž . Ž . 4s ? g cyl qg cyl ?d90 0a a
Ž .A25

kel ?Cel a0 iny sya a

=
in Ž . out Ž .g cyl ? ll g cyl ? ll ?d91 1in outy½ 5a ain out

Ž .A26
el a1 k in? s22 aa

=
in Ž . out Ž .g cyl ? ll g cyl ? ll2 2in outq ?d92 2½ 5a ain out

Ž .A27
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Ž .b for a spherical shell:

2el elŽ .k ? C a0 in in out� Ž . Ž . 4s g sph qg sph ?d90 0a a
Ž .A28

2 ?kel ?Cel a0 iny sya a

=
in Ž .g sph ? ll1 in½ ain

out Ž .g sph ? ll ?d91 out Ž .y A295aout

el el ak q2 ?k ins2 aa

=
in Ž .g sph ? ll2 in

2½ ain

out Ž .g sph ? ll2 out Ž .q ?d9 A302 5aout

The coefficients g , g , g have been obtained0 1 2
s

from the integral g s wds. The potential w isHel
0

the solution of the Poisson equation =2ws
Ž .yrr « ?« in cylindrical or spherical coordi-0 w

nates, respectively, where r is the volume density
of free ions and = is the nabla operator. For a 1:1
electrolyte of concentration c, the Poisson]Boltz-
mann equation reads:

Ž .2 ?c ?e e ?w R0 02 Ž . Ž .= w R s ?sinh A31ž /« ?« ?N k ?T0 w A

Ž .where Rsarll . Eq. 31 is now applied to each
Ž . 2side inrout of the membrane. Note, for = w in

V my2 computation may start with the conver-
sion of c in mol my3. Assuming a uniform sur-

w y2 xface charge density s C m and charge neu-
trality for the bulk, the boundary conditions for w

Ž .are: a outside of the shell: Rsarllª` yields
Ž . Ž .w R s0 and dw R rd Rs0. At Rsa rll ,out out

we have

e ?s ? llŽ .e dw R 0 out0 out Ž .y ? s 's A32outkT d R « ?« ?kT0 w

Ž . < Ž . <b inside: R ª 0 yields w R ) 0 and
< Ž . <dC R rd R )0. At Rsa rll , we havein in

e ?s ? llŽ .e dw r 0 in0 in Ž .? s 's A33inkT d r « ?« ?kT0 w

Ž .The parameters s and s enter in Eq. 59 ofin out
Ž . Ž .the text. With m cyl s1 and m sph s2, the

coefficients g , g , g are generally expressed for0 1 2
both, the inside and the outside, respectively, as
w x25 :

1r22s s
g sd0 ? 2 ? ln q 1q0 ž /2 4½

1r224 s Ž .y ? 1q y1 A34ž /s 4 5
4 ?m ?d0 w x Ž .g sy ? ln x A351 s

¡ ¦1 8 12m ? q 1q3 1r2s ž /2s Ž .1qs r4~ ¥g sd0 ?2
Ž .2 ?m ? my1 Ž w x.¢ §y ?D ln x1s

Ž .A36

Ž Žwhere d0 s s ? kTre and x s 1 q 1 q0
2 .1r2 . Ž .s r4 r2 and D is the Debye function: D x1 1x

t y1Ž .s e y1 ? t d t of x, t being the dummyH
0

variable.
Ž . Ž .Whereas g cyl sg sph , we readily see that:0 0

4 ?d0Ž . w x Ž .g cyl sy ? ln x A371 s

1 8 1Ž .g cyl sd0 ? q 1q2 3 1r2½ 5s ž /2s Ž .1qs r4
Ž .A38
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8 ?d0Ž . w x Ž .g sph sy ? ln x A391 s

d0Ž . Ž . Ž w x. Ž .g sph s4 ? g cyl y ?D ln x A402 2 1½ 5s

As mentioned in the main text, the combination
Ž . Ž . Ž . Ž .of Eqs. A37 , A38 , A39 and A40 with Eqs.

Ž . Ž . Ž . Ž . Ž . Ž .A25 , A26 , A27 , A28 , A29 and A30 leads
Ž . Ž .to Eqs. 57 and 58 .

For a cylinder shell the electrical contribution
elto the modulus of Gaussian curvature k s0. For

elthe spherical shell k is given by:

28 ?aelk s 2 2a qaout in

=
s ? ll 2kT out out w x? ?D y1 out½e s0 out

s ? ll 2
in in w x Ž .q ?D y A411 in 5sin

wŽ . xwhere ys ln 1qb r2 .
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