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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
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. © 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
membranes 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 ubig-
uitously associated with relatively high electric
fields. The natural electric potential difference
A, across the dielectric (lipid) parts may be as
large as Ag,,; = ¢y — Poue = — 200 mV, where the
outside potential level ¢, is set zero as a refer-
ence for the inner part ¢,, < 0. The natural mem-
brane voltage U,,, = —A¢,,, defines the natural
electric field strength E ,, =U,,/d= —A¢,,/d
in a membrane of thickness d; usually we set
d =5 nm, covering the dielectric part of the lipid
bilayer. Hence U,,, = 200 mV yields E ,, = 40 MV
m~! (or 400 kV cm™'). In nerve membranes we
encounter U,,, =70 mV, ie. E =14 MV m™!
(or 140 kV cm™!). Compared with technical fields
of U= 220V across 2.0-cm pin distance yielding
E=0.11 kV cm™!, the biofield strengths are
enormously high [2].

Atrtifical lipid bilayers may be only associated
with (natural) electric fields if they contain ioni-
cally charged lipids, such that the surface poten-
tial difference Ag, = ¢;, — ¢,,; may be different

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 ¢,. A further source for a yet small,
but finite value of Ag, may arise when on one
side of the membrane there is a high concentra-
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
to 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
a 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-
tion (ME) can be viewed as a cooperative transi-
tion of a cluster L,, of m lipids from a closed
state C to electroporated states P according to
[4,5]:

kP
C= (1)
k

-r

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, of
pores:

[P K
lr=TPI+1CT ~ T+K @)

where the equilibrium constant is conventionally
defined as:

Py _ LK 3)

K=te1=1-7, 7%,

In Egs. (2) and (3), the concentration brackets
refer to a lipid cluster L, with m > 12 [6]; k, and
k_, are the rate constants of poration and pore

closing, dominant in resealing, respectively.

2.1.1. Relaxation kinetic approach

The time constant of the reaction in Eq. (1) is
field-dependent [3]. Chemical relaxation kinetic
analysis [7,8] shows that
1
;=kp+k,p=k,p(1+K) (@)

Typically, at fields E=5 MV m~! (50 kV
cm™'), we have 7=107° s, K=f,=10"? such
that k_, =10°s™" and k, =k_,K~10*s"'. The
field dependence of K and 7 gives insight into the
molecular mechanism of ME in electric fields; in
particular, numerical values of the mean pore
radius are obtained. Usually, Eq. (1) has to be
extended to cover the more complicated electro-
poration-resealing kinetics [9,10]. Because the
condition K <1 always holds, it is the overall
cluster rate coefficient k_, for the closing process,
different from previous interpretation [2], that is
the dominant field-dependent term in Eq. (4).
This suggests that P represents at least two pore
states: possibly hydrophobic (HO) and hydrophilic
(HI), respectively, as explicitly treated previously
[11], where 1/7=k,/K and K=K,;-(1+K,) =
K, -K, were used. Note that 7 is the mean open-
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 AS, =S P —§  from the zero-field
value §, 4*n-a0 , where a, is the radius of a
spherical lipid vesicle or the nominal mean radius
of a cell, up to S” =58, + AS,. The ME data are
consistent with the definition of the pore fraction
as the relative surface increase [8]:

Las NG o
S, 4a}

where N, is the number of pores of mean pore
radius rp = <r2> /2 in a vesicular or cellular mem-
brane (V). Generally, in external electric fields
the increase in surface area AS=AS, +AS  is
composed of two contributions. Besides AS,, the
field induced Maxwell stress causes stretching of
the membrane (thinning) and the smoothing of
undulations. Both AS, and AS; are oftenly sepa-
rable on the time scale of microseconds [9].

2.2. Transformed Gibbs reaction energy

The experimentally accessible quantity f,, and
thus K, and the energetics of the reaction cycle in
Eq. (1) are connected by the fundamental rela-
tionship for isobaric (p) isothermal (7) condi-
tions [12].

K= e—A,éG/RT (6)

In Eq. (6), A,G® =G? —GC is the standard
transformed Gibbs reaction energy, R =k N, the
general gas constant, £ the Boltzmann constant
and N, the Loschmidt—Avogadro constant; T is
the absolute (Kelvin) temperature. The quantities
G, where a =P or C, respectively, are formally
the standard values (for 1 M transition) of the
transformed chemophysical potentials .. Explic-
itly, G, = (X,v;i;7);, refers to the (molar cluster
of the) m lipids ( j=L) of the pore edge and to
all those solvent molecules (j = W) changing from
the bulk into the pore interior. Note that here the
proper characteristic chemical potentials {i; =
0G/on), n+n;» Where n; and v; are the molar
amount and the st01ch10metr1c coefficient of
molecule j, respectively, have the quality of gen-



252 E. Neumann, S. Kakorin / Biophysical Chemistry 85 (2000) 249-271

eralised chemophysical potentials. The index n # n;
means all n constant except for n; (see Appendix
A).

It is recalled that in an applied electric field E,
the correct criteria for directional spontaneity
(< 0) towards equilibrium stationarity (=0) of a
chemo-electrical process are only met with the
transformed Gibbs function [2,12]: de,T <0. The
definition of the reaction operator A, =d/d§ is
given in the context of Eq. (A20).

2.2.1. Reaction energetics of membrane
electroporation

Egs. (2) and (6) provide the basis for the exper-
imental determination of the Gibbs reaction en-
ergy terms. Substitution of Eq. (6) into Eq. (2)
yields:

e—A,ée/RT

o= wm @)

- 1 +e-AG°/RT

Usually f, <1 (in the order of <107*) and
hence the approximation

fy=K=em st/ (®)

is practically always applicable.

Sometimes it is very appropriate to group
together certain energy terms such that we can
write Eq. (6) in the form:

K=K, /KT (9)

Where K, =e* /R Here, X, refers to all terms
Y, (x, X,), which can be considered independent
of those variables which are explicitly covered in
X, referring to X, x, X, and not in X,.

Eq. (9) has been previously used in the form
[13,6]:

K=K0_e—A,.(§pol/RT (10)

where

AG. =~ [fA MAE (11)
r~pol — /;) r

is the transformed electric Gibbs reaction energy.

Eq. (10) is suited if it is only the dielectric polari-
sation term that is field-dependent. K, refers to
the chemical term

Ar c?em=Za2j(vjuje):=2f(vfufe)})
_Zj("j“f)c (12)

and A, M=M"-MEC is the molar difference in
the cluster transition (L,,) from o« = C to o =P.
It is recalled that the ordinary chemical potential
of species j is defined by

B= Mje +RT In a;

where a;=c;y;/c® is the thermodynamic activity
(or the absolute value of the effective concentra-
tion), ¢; the molar concentration and y; the ther-
modynamic activity coefficient of species j, re-
spectively; ¢® =1 mol/dm’® =1 M is the concen-
tration unit. In the expression for the reaction
term A,G3.., = —RT-In(al /al) covering the
cluster of size m, the activity coefficients appear
in the ratio a” /a$ =(c? /cS)yE /y). Since ME
hardly will change the y; coefficients, we safely
can set y2 =yC thus a’ /a$ =cC /cP. Therefore,
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
on f,, requires that X in Eq. (9) takes the form:

X=- (Arépol + Ar(,idlay + Ar(,}:bcnd) (13)
where besides the dielectric polarisation term, the
two ionic—electric double layers of a charged
membrane are covered in A,Gy,, and the curva-
ture effects are represented in the bending reac-
tion term A,Gy,,; see Eq. (40).

With Eq. (13), Eq. (9) is specified (and applied
below) as:

K=K, AGpoit8Gauyt A Grong)/ RT (14)

Here, K, involves the reaction terms A,G);,. of
the line tension or edge energy, A,G,.,, of inter-

tens
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facial tension in the interface between the lipid
head groups and the adjacent medium molecules
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 6
between the site considered and the direction of
the external field vector. Therefore the field-
dependent ME reaction terms are 6-positional
averages: pore fraction f,, and thus K, connected
by Eq. (8), directly reflect cos”6-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
by G(V),, referring to N, pores. The respective
Gibbs reaction energies A,G;, here the physical
terms A Gy, and A,G,., are generally ex-
pressed (and applied below) as:

A N
A,G = (Gy =G, = F-GON = G)7)
P

(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-
ters at a finite salt concentration (or ionic
strength) difference

Ac =" — ¢out (16)

out’ as a refer-

to those at Ac=0, i.e. to c"=¢
ence.
For a given field strength, Eq. (14) can then be

written in the operational form
KAe :Ko,ef(A,.G“‘fA,GO)/RT (17)

where the definition K =K,-e~2¢"/RT and the
equality K¢ =K were used.

Recall, the terms A,GAAC and AA,GO both refer
to the sum X = —(A,G,, +A,Gypy + A,Geng)-
We now introduce the definition

AX=(X*-X"=—(AG4-AG6°)  (8)
Substitution into Eq. (8) yields
prc =pr_eA)(/RT (19)

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

2.3. Electric polarisation of curved membranes

For spherical geometry the electric pore forma-
tion occurs dominantly in the pole cap areas.
Nevertheless, the actual relaxation kinetic data
reflect 6-averages of the electric dipole moments
M" and the actual membrane field strength E°
[11]. The analysis of ionic strength effects, how-
ever, requires that at first the transmembrane
potential difference Ag,, is considered. Hence

ArGApol= - < ()E"ArMedEr?z > = _b<A‘an>
(20)

where, in line with the Maxwell definition (E =
—Vo), E} = —A¢® /d and is given by [14]:

Nymey(ey — e )r2)
b= 57 i (21)

Further on, (A,M°®) ={(MF - MS)®) =
(A,P°-V,), where V, = *rr(rj)d is the average
(induced) pore volume of the assumed cylindrical
pore. At the positional angle 6, the reaction
polarisation is given by [13]:

AP =N, (PP —PS)' =N, -e,(e" — eC)E?
(22)

where g, is the vacuum permittivity, e” = &, = 80
(water at 293 K) the dielectric constant of the
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pore cluster dominated by the aqueous part (W)
of the pore state « = P and &€ = ¢, is that of the
closed lipid state a = C.

2.3.1. Transmembrane potential difference
The average of Ag,, in Eq. (20) is defined as

(Ag2) =3 ["Ag2(6)sin0dd (23)
0

where, for Ag,, =0, the local transmembrane
potential difference is given by [2,13]:

lcos|
cos6

Agy, = Ay + Ag, (24)

For spherical shells of radius a > d, the station-
ary value of the interfacially (Maxwell-Wagner)
induced potential difference A, 4 is defined as

Ahg = — %Ea “filcos 6| (25)

where the conductivity factor f, can be generally
expressed in terms of a and d and the conductivi-
ties \,,, Ay, \; of the membrane, the vesicle (cell)
interior and the external solution, respectively. If,
as usual, d <a, \,, <\, \;, it can be readily
shown that f, =[1+ \,(2 + \,;/N))/(Q2
\;d/a)]"'; for negligibly small membrane con-
ductivity, \,,, = 0, we have f, = 1[2,14,15]. Indeed,
deviations of the respective data from the extra-
polation line, obtained from the low-field strength
data where f, =1 applies, have been used to
determine the finite membrane conductivity due
to ME at higher field strengths [6]. Substitution of
Eq. (25) into Eq. (24) and then into Eq. (23) yields

A b((3 z 5
Aerol = — ? (anf)\) + A(.PS (26)

where (Jcos6]*) = 1/3 and (Icoselz/cose> =0 for
the integration boundaries 6 = w and 6 =0 was
applied. Note that, here too, consistent with
Maxwell’s definition of the electric field (E =
—Ve) as the negative gradient of the electric
potential, A, refers to the potential drop for the
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 Ag,, 4,
[15] (see below).

2.3.2. Electrostatic surface potential

As long as the approximation f, (\,,, Ny, \;) =
1 applies, i.e. at very small extents of ME, it is the
transmembrane surface potential difference A,
which is dominant in the ionic strength (I) depen-
dence of the electrostatic surface of interfacial
potential ¢, of a (ionic) charged membrane. Ad-
justed to the directionality specified in Eq. (16)
we define here

A‘Ps = Pin — Pout (27)

The Gouy—Chapman theory provides an ex-
pression for the I-dependence of ¢,, where the
charge screening by the layer of counterions re-
duces the nominal surface potential ¢$ to the
actual value ¢, which is equivalent to the reduc-
tion of the nominal surface charge density o, =
q,/S to a value o=gq,/S, where g, and ¢, are
the respective charges and § the surface area.

The solution of the Poisson—Boltzmann equa-
tion for the potential ¢, of z /z;,=1:1 surface
charge—free charge interactions yields ¢,(0). For
the condition of small surface potentials ¢ (x) <
RT/F =25 mV, ¢(x) drops with the distance x
from the surface (at x = 0) according to [16]:

¢,(x) =¢,(0)-e7*/7 (28)

where the Debye length (/) is given by

1 (&eRT 172
/-7 25) (29)
and the molar ionic strength is defined by
1 2
I=5 Y zkc; (30)

where z; is the charge number and c¢; the molar
concentration (mol /dm?) of the ion of type i. For
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a 1:1 electrolyte, I =c, the salt concentration of
the electrolyte. Classical plate condensor theory
shows that o = gy¢,, E = — og,¢,, do,(x)/dx and
o =g¢,¢,(0) /7. We thus obtain:

o,/

¢,(0) = - (31D
Substitution in Eq. (28) for ¢, /;, and o, 7.

respectively, yields

1/2
_ 1 RT Oin Oout
seomplome) (-

Eq. (32) enters into the expression for Ag,,; see
Eq. (24). We now can specify Eq. (26) for the
description of the dependence on [, and I,
respectively, according to:

A b (3 :
Ar(;pol = § {(anf)\)

RT 0-in Uou
+ 2F%6y8 (1'1/2 - 11/; )} (33)

out

When the salt concentration of the outside solu-
tion is very different from that of the inside
medium (as it is usually adjusted for efficient
ME), the salt gradient appreciably contributes to
A¢,,. In this case, the field effect is enhanced on
one pole cap of a vesicle (or cell) and reduced on
the 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
ql =q¢ =gq,. Since q,=S,-0 =5"-0" and using
Eq. (5) we see that

SP=8,(1+f,) and o"=c(+f) " (34)

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

dGyay = A@gray dg, = Ay, - Sdo (35)
where the condensor voltage Uy, = —A@g,,
refers to the potential difference

o/
A‘Pdlay = (PS(O) - CP(/) = £0€, (36)

of the equivalent-condensor with the reference
potential ¢(/)=0 and where Eq. (31) was ap-
plied. Straightforward electrostatics defines the
energy of the condensor as

oS/

1
Gutay = 5 Catay* APy = Zeye, 37
and the capacitance as
Ciroy =808, S// (38)

We now apply Eq. (37) to the electroporative
state transition C = P. Insertion of the expres-
sions (34) into Eq. (37) and using the approxima-
tion 1/(0+f)—1=—f /A +f)=—f, for f,

< 1 yields the difference term:

S,/
Gl = ~f, 5%

lay ™ JpDgE,

P
Gdlay

(39)

Of course, ME affects both the inside (in) and the
outside (out) of the membrane. Using Eq. (5) in
the form f, S, =Np*rr<rlf> and substitution in Eq.
(39) leads to:

Nm-(r?)
B C — __p  r’
G(V)dlay — G(V)dlay = ZSOSW

X{O‘z/ +a2 /

in? in out out}

Substitution in Eq. (15) for i = dlay finally yields:

. Nyw-{r2)
A G, =—A—p{02/ +02 /

r—dlay 2808w in? in out out}

(40)
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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 g,.,.q
of bending a bilayer membrane [17]. The widely
celebrated Helfrich equation:

Zoena = 5 C2+RC,C, (41)

specifies the bending energy modulus k, a general
curvature term

C=C,+C,—C, (42)

and the elastic modulus k of the Gauss curvature
C,C,, where C, and C, are the principal curva-
tures, see Eq. (A10). The parameter C, is intro-
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
be larger than (the hydrocarbon chain thickness)
those in the other leaflet. The equilibrium state
then is characterised by C, +C,=C, with en-
ergy contents of G,=¢ g,dS=xk¢C,C,dS =
kK$(Cq/HdS if C, =C,.

The Gauss term kC,C, remains constant when
the topology of an object does not change [18]. In
Eq. (41), the obvious reference gy.,q = 0 refers to
the planar membrane with C,=C,=C;=0, of
homogeneous composition and equal solution on
both membrane sides. Obviously, in -classical
Gibbs notation, G.,q = ¢ &pena 45 holds.

2.4.2. The curvature reaction term

The general bending parameters in the Gibbs
equation as suggested in Eq. (A9) of the Ap-
pendix A are readily expressed with the Helfrich
terms. For k=1, weset 3; =0 and C, = C; + Cy;
for k=2, we have C, =C,-C, and B, = . Sub-
stitution in Eq. (A8) yields

dGy..q = BAC + Bd(C,C,) (43)

with the differential terms

dB=«kCdS and dp=kdS (44)

Integration within the respective boundaries yields

B=«k¢CdS and B=k¢dS (45)

If C is independent of S, the expression B = [k-
$dS]- C represents Hooke’s law, as linear approx-
imation, where terms like C* and higher powers
are neglected in the series expansion. Substitu-
tion of Eq. (45) in Eq. (43) yields

dG g = $dS[kCAC + kd(C,C,)] (46)
Applied to spherical membranes such as those of
lipid vesicles of radius a, we see that ¢dS =S5 =

4ma®, C;+C,=2/a and C,C,=1/a*. Substitu-
tion in Eq. (46) and using Eq. (42) yields:

dG(V Jvend = S[K(% - Co)d(% - CO)
—+Ed(;%)] (47

If §=¢dS can be considered as practically con-
stant, integration yields

K (2

2 —
G(V)bend=s[7(z—co) +a—"2 (48)

using the homogeneous planar membrane boun-
daries a »» and C,=0 for the reference
G(V)peng = 0. Note, Eq. (48) refers to a spherical
shell. Eq. (48) is now applied to states o = P and
a = C, respectively. Using the approximations S”
=Sy(1+f,)=S,=4ma; and a=a, as well as

k” =k and k” =k, we obtain the difference
P C SO' K
G(V)bend - G(V)bend = T
P2 2

(49)

a

) 4(cg;’—c)]
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Insertion into Eq. (15) and applying Eq. (5) in the
form S,/N,=m<{r})/f,, yields the final curva-
ture reaction term:

HCE—Cy)

ArGAbend =B- (Cé’)z - C[% - a,

(50)

N, k-mwl{r?)
where B = A—p.
2fp

2.5. Electrostatics of membrane elasticity

Shape and shape deformations of lipid vesicles
(and cells) in electric fields have been traditio-
nally described in terms of C,, k and x [19-22].
Each of these elasticity parameters has been split
into a mechanical and an electrostatic part:

K= Kel + Kmech’

— 1 h
Cy=Cg! + Cpreet,
K= Eel + Emech (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,: Cg“f“h =0and C,=
C¢l. For this case A,G,.,q = A,GtL_ ;. Specifically,
Eq. (50) takes the form:

8,6t =B{[(cH" — c§]

x[(ch" = i = 4/a,]} (52)
where
B NA’IT<F;>K
= T (53)

If electrostatic contributions are dominant, we
use the approximations k = k' and ik = k®'. Obvi-
ously, ME is enhanced by electrostatic curvature
effects if A, G5l ;<0 holds. This is the case for
C,> 2/a, because the surface charge density of
the aqueous pore is smaller than that of the

equivalent closed state: (CgH” < C§.

2.5.1. Cylindrical and spherical shells

The electrostatic contributions to C,, k and K
have been quantified by using the Poisson—Boltz-
mann equation [16] and the Debye—Hiickel ap-
proximation for diluted electrolyte solution adja-
cent to the membrane surfaces [23]. This ap-
proach has been used first for monolayers [24],
then for symmetric bilayers [25] and for undulat-
ing membranes [26]. The theoretical results have
proven useful to describe the experimental data
[20,27]. Helfrich’s concept of spontaneous curva-
ture was found to be especially powerful for the
description of bump formation in red blood cells
[19] and for membrane inclusions [28].

The C, model is equivalent to the area-dif-
ference-energy (ADE) model with a renormalised
area difference [29,30]. The ADE model has been
successfully applied to curvature effects of ME
[31]. The parameters C¢!, k! and k°' are readily
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
membrane tube (cyl) and a spherical vesicle (sph)
[24]. A spherical membrane shell is characterised
by a mean radius @ and a thickness d, respec-
tively:

(54)

Applying the celebrated Helfrich equation in
the form of Egs. (41) and (42) to cylinder and
sphere geometry, the electrostatic contributions
are given by:

el 1 el 1
SitaalerD = 5 (C5Y — (e + () =

el 1
ghena(sP) = 3 (G5 — (wICH 7

+ 2k + Rel)_iz (56)
a
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Note that for cylindrical shells k(cyl) = 0 and the
previously used vesicle radius is a, =a.

2.5.2. Elasticity parameters and Debye length

As outlined in Appendix B, theory provides
specific expressions with the same expansion
characters as those in Egs. (55) and (56); see Eq.
(A22).

For both cylindrical and spherical shells we find
that:

2/n[(1 + Bou )1 + By,)]
Cel — out n 57
0 (’_l('Yout + 'Yin) ( )
1/2
where B = (1 + ST) ,
_Z 1— 8(1—1/[3)
T a S ’
e/
5= &oe kT’
and
kT \?
= 2ﬁ‘c"ﬂ‘c’\w( 6_0) (yout + 'Yin) (58)

The expression for k/(sph) is quite involved and
is given in Appendix B.

For the case of thin shells (d < @) and very low
effective, i.e. screened, surface charge densities
(at ¢ > 0.1 M), the parameters are very small: i.e
s=oey//(gye, kT) < 1.

In this case (d < a; s < 1) we obtain:

2(s2 —s2,)
Cel — _ in out 59
’ (Sm /m + Sout /out) ( )

=3 (H) e (5220 + 5l (60)
. kT
K 1= - 460 (O- sm/li + 0-out out/ozut) (61)

Egs. (59)-(61) explicitly cover the dependencies

on the salt concentration via the Debye length
and the surface charge densities. If ¢™ =c°",
then the Debye lengths are also equal: /, =7,
=/, and Egs. (59)-(61) lead to the 51mple ap-
proximations already derived by Winterhalter and

Helfrich [23]:

4d 302/
el _ _ ™ el _
C; = 357 & Togs, and
2.3

Note, difference from Winterhalter and Helfrich
[23], here 28 =2d/a refers to the difference
between o, = o (1 +3) and o, = o (1-3), where
o is the charge density of the planar monolayer
(equal for the inner and the outer leaflet). For
the symmetrically charged curved bilayer C¢! <0,
rationalised by the larger repulsive forces between
the charged groups of the inner leaflet, i.e. larger
curvature (1/a,, > 1/a,,,). For a planar bilayer, if
the concentration of ions is equal on the two
membrane sides, CS' = 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 repulsive
forces, due to different screening for instance,
cause different packing densities. This produces
an area difference elasticity (ADE) Gibbs energy
[29,30], affecting also ME [31].

At constant area of the midsurface, whose cur-
vature is C, + C, =2/a, the effective area dif-
ference (AS,) is given by [30]:

AS,=AS, +2C,da*/a (63)

where « is the dimensionless material parameter;
for 1-stearoyl-2-oleoyl-sn-glycero-3-phosphati-
dylcholine (SOPC) a = 1 [20]. The parameter AS,
is the relaxed area difference: AS,= (N —
N™)/&,, where N°*' and N'™ are the total num-
ber of lipid molecules in the outer and inner
leaflets, respectively, ¢, is the equilibrium surface
density of the molecules in a monolayer of a flat
membrane.
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The decrease in the ADE—-Gibbs energy due to
glle] formation of N, cylindrical pores is given by

TOK

G(V)ape — G(V)SpE =
(V' )ADE (V)apE = B

: {(As ASP)’

—(AS— A8’} (64)

where, AS (sph) =2S5,-d/a is the total area dif-
ference between the neutral surfaces of the two
monolayer leaflets and S, =4ma,. If N =ND
can be used, in partlcular for large a,, Eq. (63)
yields here AS,=2C¢'da’/a and for the pore
state we have AS! =2(CH da*/a using a” =a.
As argued before, (C P < C&! because of smaller
repulsive forces at the inequality o” < o. Again,
analogous to Egs. (49) and (52) we have:

N
A Gbend = A GADE VA
P
X (G(V)hpE — G(V)SpE)
(65)

If C'>2ma/a, ie. AS,>AS holds and ASY
lies in the interval (AS —[AS —AS D <Ask <
AS,, we see that A GSL. < 0; hence ME is facili-
tated On the other hand, if C! <2ma/a or
(AS —[AS — AS,D > AS{ holds, ME leads to an
increase in G(V),pg, thus ME is hindered by the
C¢ effect.

2.5.4. Shape deformations

As already mentioned, electrooptical relaxation
experiments of lipid vesicles clearly indicate two
kinetic phases of membrane surface increase AS
=AS,+ AS,, in an external electric field E [9].
The rapid phase (7 =0.1 ps) is consistent with
field-induced membrane stretching and smoothing
of undulations (AS;,) and the slower phase (1= 1
ps) reflects (AS,) of electric pore formation by
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 Aa,, = {, of the increase in
the vesicle radius. Theory provides [22]:

2-4
goeyp k- a

32x(1 - Cya/6) (66)

Lo =

where the radius occurs in the 4th power render-
ing Aa,,, strongly dependent on a. If C,=
and k = k' applies, {, can be strongly dependent
on transmembrane salt gradients; see Egs. (59)
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-
cal relaxation spectrometry in electric fields
[2,8,13]. Recent progress in instrumentation pro-
vides 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 AT~ /T, of
deformational-orientational dichroism AT~ rel-
ative to the turbidity value 7| at zero field, and
the relative chemical change AT /T,, where AT*
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-
cle/cell shape elongation parameter p can be
related to the dichroism mode AT~. For small
elongation p < 1.5, where p=c/b is the ellip-
soidal axis ratio (c, the long axis; b, the short
axis), AT~ is linearly proportional to (p — 1). For
very small elongations (p < 1.13), the relative in-
crease in the membrane surface area AS/S, at
constant volume of the vesicle/cell interior is
given by [9]

AS 2
S e 67)

Recalling Eq. (16) with Ac = ¢™ — ¢°", the trans-
membrane difference in salt concentration and
Ac =0 for ¢™ = ¢, we readily see that:
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(AT _ p—1 ( AS* )1/2 (68)
(A" p'—1 L As?

Applying Eq. (5) yields the suggestive result:

E _ KAC _ (ATf)Ac 2 (69)
£ K\ @ary

In this way, the turbidity mode AT~ provides a
direct tool to determine, using Eq. (17), the dif-
ference in the Gibbs reaction energy terms

(AT )™

A,GY —AG'= —2RT/n P l (70)

2.6. Transport analysis

As already mentioned, the phenomenon of ME
is coupled to secondary processes such as fusion
of adjacent electroporated membranes (electrofu-
sion) or to exchange of material from the inside
to the outside [10,33] or from the outside to the
inside [14,34,35]. The extent of material exchange
may be operationally defined as a permeability
ratio r,,, = (Sig) /(Sig),,,,, where a signal (Sig) is
referred to its maximum value (Sig) -

For electrohemolysis, r,,, = AOD/AOD,,, is
the fraction of hemolysed cells measured by the
optical density (OD) of the released haemoglobin
in the supernatant. The electroporative gene
transfer defines r,,, = T/T,,,, as the ratio of max-
imally transformed cells [4,14]. Electroporative
dye uptake is quantified by the ratio of coloured
cells [34]. The ME secondary phenomena, cov-
ered by r,,, oftenly only occur above a certain
threshold value E,, of the electric field strength.
Since ME is a continuous process without thresh-
old features [2,11], the inequality E > E,, refers
to a critical range of f, > fp”“. The field strength
where r,,, = 1 refers to f,(r,, = 1) which may, or
may not, be the maximum f,(max) that is limited
by the finite membrane conductivity caused by
electropores. Indeed, many electropermeabilisa-
tion data suggest that r,,, = 1 is at a field strength

(a)
fo' =

fo

0 E t2hr E

Fig. 1. Scheme for the relationship between pore fraction and
permeability ratio: (a) f,, (b) r,, (electropermeabilization
ratio), defined as the ratio of a measured signal to its maxi-
mum value, both as a function of E2. Note, T,y increases
from a critical value f, =f;"" at E,;,, and levels off at f, =f; =1
(see Egs. (71) and (72) of the text).

far below f,(max); see below. The experimental
quantity r,, may be expressed in terms of f,, as
graphically indicated in Fig. 1, according to:

fp _fpcrit
= : 1
er fp(”pm — 1) _fpcrlt (7 )

The reason for the abscissa scaling in E? is Egs.
(10) and (20). Since always K= f, <107* holds,
f, is proportional to exp[—b'-E?], where b’ is a
constant.

In the majority of previous studies, only the
range E>E,,, and thereby implicitly f, > fs™,
has been considered in using the practical approx-
imation:

Fom =Ip /T Ty =D =b""f, (72)

where b” is a proportionality constant.
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Fig. 2. Effect of electrolyte concentration on the time course
of the field-induced relative turbidity changes (AT~ /T,) of
lipid vesicles. (A) The dichroitic difference AT~ /T, = (AT —
ATY)/(Ty) and (B) the chemical sum AT*/T,=(AT!+
2AT*) /(3T,) of the relative turbidity changes at the parallel
(AT") and perpendicular (AT *) light polarisation modes at
A =365 nm: (a) at a large NaCl concentration difference: in
the vesicle interior ¢™ =[NaCl]" =0.2 M, medium c°" =
[NaCl]*** = 0.2 mM, osmotically balanced with 0.284 M su-
crose and (b) at equal concentrations c¢™ = ¢ =0.2 mM.
The unilamellar vesicles are composed of Avanti 20, total lipid
concentration [L;]=0.5 mM; 0.66 mM HEPES (pH = 7.4),
T =293 K (20°0), vesicle radius a, = 160 nm, vesicle density
py=5.8x 10" dm~!. Application of one rectangular electric
pulse, field strength E =4 MV m~! and pulse duration ¢, = 10
ws [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,
AT~ and AT", are larger for a finite transmem-
brane salt gradient Ac =c™ —c®" as compared
with Ac = 0. Obviously, in line with Eq. (19), ME
is enhanced when the outside concentration of
electrolyte of a vesicle (or cell) is small; note that
here Ac =c¢™=0.2 M.

Fig. 3 shows that the salt gradient effect is

dependent on the field strength, yet at higher
field strengths the difference f,—f, is roughly
independent on E. The analysis of the AT~ and
AT" relaxations starts with the evaluation of the
ellipsoidal elongation parameter p, reflecting the
relative surface area increase. We use the numer-
ical 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
n,=1.600 (Avanti-20) and the medium n, =
1.3620 of 0.284 M sucrose solution, n,, = 1.3517
for ¢ = ¢ =0.2 mM and n,, = 1.3517 for ¢" =
0.2 M, yields p = 1.126 at ¢™ = ¢*** = 0.2 mM and
p=1183 at ¢" =02 M and ¢ =0.2 mM. The
duration of the pulse ¢z = 10 ps is too short for a
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:

AS/Sy=p~23/2 +p'/3-arcsin(\/ 1 —p‘z)
/(2/1=-p77) -1 (73)

For p = 1.126, we obtain AS /S, =2.46-10"7; for
p=1.183, AS/S,;=4.9-10"% (see also Neumann
et al. [9].

400 4: 4 uM actin + 46 pM CaM

3: 4 uM actin + 8 pM effector
peptide + 40 pM CaM

2:4 uM actin + 8 uyM
effector peptide

1: 4 uM actin (control)

w
(=
(=]

[}
(=3
S

100

Fluorescence intensity (a.u.)

0 500 1000 1500 2000
Time (s)

Fig. 3. Fraction f,=AS,/S, =Np-(r,f)/(4-a%) of the elec-
troporated membrane area of a vesicle /cell of surface S, =4-
w-a?, as a function of the external field strength E, calculated
from the turbidity relaxations (in Fig. 2). WM, f2¢, refers to

in _ 10)3. .out _ . 0 _ _
" =10"-c""=02M; o, f,, refers to Ac =0, f, =f,(0).
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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 AS =
AS, + AS should be separable on the time scale.
The contribution (AS,,) due to stretching and
smoothing of undulations should be more rapid
than that of membrane electroporation (AS)).
The turbidity relaxation data in Fig. 2 do not
permit to easily separate a rapid and a slow
relaxation mode at E =4 MV m~!. Therefore we
first estimate extent and time constant of a poten-
tial mode referring to AS,,.

3.2.1.1. Amplitudes. Using a typical compression
modulus of K, =0.2 Nm~! and a bending rigidity
k=10""" J [29] in the expression AS, /S,=kT"
/n(£/8))/@ ww) + (£ —§,)/K,, where £ and &,
are the homogeneous lateral tensions in the pres-
ence and in the absence of an electric field,
respectively [37], with £€=3 g, &,E*/20 [10].
Since k=K, d*/48=10"" J [38], AS,,/S,=
QO/k, where Q=kT-/n (£/&,)/@8m) + (£ —
£,)d?/48. For Ac =c™— ¢ =0.2 M, we obtain
Ak = Ak = —0.25% 10" e J. The respective am-
plitude ratio for Ac =0.2 M and Ac =0 is given
by (AS§E — AS))/AS) = — Ak /k® =0.25. On
the other hand the actual amplitude ratio is (4.9
—2.46)/2.46 = 1. 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
f,=(AS —AS; )/SO. With AS, /S, (c™=0.2
mM) =1.6X 10 and AS, /S, (c"=02 M) =
2.0 X 1077, the initial value of &, can be esti-
mated: £,=3X10"* Nm™".

3.2.1.2. Time constant estimates. According to Ko-
mura (1996) the stretching time constant is given
by 1, =mna/K,=0.7 ns [39], the undulation
smoothing time constant 7,,,~ —(51°/16k)-In
[1-64 (p — Dk /(Be,e, E*a®)], where n is the vis-
cosity. For p = 1.126, 7,4 = 0.07 us; for p = 1.183,

Tuna = 0.1 ps. Both 7, and 7., are usually smaller
than the interfacial polarisation time constant
Toor that is given by 7., =aC,(\;' +)\g'/2).
With C,,=5%x10"* Fm %, \;,=12 S rn*] and

Ng=2.6 mS m~' [see f, in the context of Eq.
(25)], we obtain 7,, (Ac =0.2 M) =047 ps (\; =
12Sm™") and 7, (Ac=0)=0.16 ps (\; =\ =
26 mSm™ ).

Since the Maxwell-Wagner interfacial polarisa-
tion process is rate-limiting for the build-up of
the transmembrane potential difference Ag, 4, it
also limits the kinetics of the stretching and undu-
lation modes (< 0.5 ps). Because the actually
observed time constants (see Fig. 2) 7 (Ac =0.2
M)=0.6 pus and 7 (Ac=0)=0.9 ps are larger
than the T,,-values, the measured relaxations
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 AS, = AS — AS and
Eq. (5) we obtain, f,) =0.7 X 1073 at ¢ = ot =

0.2 M NaCl and at Ac =0.2 M NaCl, we have
fre=27x10"?,yielding f,/f,) = 3.9. Using now
Eq (19), we see that "Ax'- —[(A,G®)P —
(A, G*®)']=136 RT. On the other hand, the
calculation of A X, using Egs. (13), (18), (33), (40)
and (52) or Eq. (65), and 7, =035+ 0.05 nm [6],
0 =0.018 Cm~?, N‘“”~Nln a=1land C,= Cgl,
yields AX =1.39 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 sensitiuity. As seen in Fig. 4,
the parameters C0 , k" and k' for vesicles change
differently with increasing c™, relative to a given
¢ =0.2 mM. The scaling parameter is the sur-
face charge density. For instance, for o < 0.01
Cm ™2 the saturation levels at ¢™ = 103 M clearly
become visible, in line with the calculations of
Winterhalter and Helfrich [25]. The opposite sign
of C¢' as a function of ¢™, compared to «, can
be rationalised by the different nature of these
parameters. Whereas Cg' is only dependent on
the differences in the s-terms [Eq. (59)], the
parameters k® and k' are dependent on the
absolute values of s2/ and os/?, see Egs. (60)
and (61), respectively.
For equal charge densities o = g;, = 0,

Cm ™2 on both sides of the membrane and c¢™

c®'=0.2 mM, Eq. (62) yields: C{' = —1.8 X 107

001
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Fig. 4. Elasticity parameters of vesicle membranes. Elec-
trostatic contributions C§' (a), k¢ (b) and &° (c) to the
spontaneous curvature, bending rigidity and Gaussian elastic
modulus, respectively, as a function of concentration ¢™ of
NaCl in the vesicle interior. The calculations are performed
here for the vesicle radius a, = 160 nm, membrane thickness
d=5 nm, T=293 K (20°C) and dielectric constant of water
e,, = 80.4 (293 K). The arrow indicates the electrolyte concen-
tration equality ¢ = ¢®"' = 0.2 mM.

m!, k?=39%x10"% J, k= -7.0x10"% J.
C¢' is comparable to 1/a,=0.63x 10’ m~! for
a,=160 nm. If C<0, it increases G ;. If
¢ > ot C& > 0, contributing negatively to G,
up to C¢! <2/a,. For C{'>2/a,, C increases
the bending energy. Generally, however, CS' may
either increase or decrease G{. ;.

It is further on remarked that the internal salt
concentration ¢™ does not affect the outer mem-
brane side. Therefore a change in ¢, here from
¢"=02 M to ¢™=02 mM, does not change
A¢q; Agy,q may be, however, somewhat smaller
than given by Eq. (25) [15]. The specific capacities

of the two double layers Ci,, (0.2 M) =gz, /7;,
=1.08 Fm~? and Cgy (0.2 mM)=¢gys, /7, =
0.034 F m~? are much larger than that of the
membrane C,, =5 X 107° F m 2. Hence, they do
not affect Ag, , either. In addition, because of
f, <1 (f,=0.003), the pore formation at lower

field strength does not affect the conductivity

(a) al o]
3t /’/ i
103 ,// /;L///
fp \ et ///
2 e~ .
1K e 1
e
(b)
i _
-AX ﬁ
RT
0 C 1 B - 1 1 L 1 ]
© o4l TR
—.Ar/G\i ///
r > dlay T
RT \ /// __________ -
0 sl o -7 bend
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-4 -2 0
log(c" /M)

Fig. 5. Thermodynamic parameters of the vesicle membranes
as a function of the logarithm of the NaCl concentration ¢
in the vesicle interior at the constant outside concentration
¢®"'=0.2 mM: (a) the fraction f, (dashed lines) of the elec-
troporated membrane area; O and e, [, obtained from the
analysis of the dichroitic turbidity mode AT~ /T, and the
chemical mode AT* /T, in Fig. 2 at E=4 and 7 MV m™},
respectively; (b) the difference AX =X"°—X° of the ionic
strength dependent standard Gibbs reaction energies X¢ (at
Ac>0) and X° (at Ac =0) assuming cylindrical pores, Fp=
0.35 + 0.05 nm; (¢) individual contributions of A,G, ., (bend),
A, Gy (dlay) and A, G, (pol), (k™" =101 J, ¢ = 0.018 C
m~2). The arrows | refer to ¢ = ¢ (see the text).
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factor f,. Therefore, f, =1 may be considered
constant, independent of ¢™ in the range used
here.

The presence of sucrose affects the dielectric
constant (g, =80.4 at 293 K) only slightly. At
[sucrose] = 0.284 M, to balance the osmolarity of
the 0.2 mM NaCl solution with 0.2 M NaCl, we
obtain Ag =g, — e(suc) = — 1.2 [40], thus &, (suc)
=g, is a good approximation.

As shown in Fig. 5, concomitant with f,, it is
the term A G ol i1 AX that controls the depen-
dencies on ¢™ showing a minimum near ¢ = ¢,
In the polarisation term, it is the contribution of
Ag, to Ag,, which renders it dominantly sensitive
to salt gradients. The minimum in —AX/RT at
¢™ = ¢ 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 0.005 <
o/C m~? <0.015. Note that Z(0.2 M) =0.7 nm
and /(0.2 mM) = 20.8 nm. Because a, = 160 nm,
the approximation //a, < 1 is applicable. On the
same line, (&, /&;)d =(80/2)-5 nm =200 nm,
hence the approximation /< (g, /g;)-d holds
throughout.

1 [EAY 1 1 1

0 0.01 0.02 0.03
o/ Cm?

Fig. 6. The reaction Gibbs encrgies A Gbend (bend), A Gdldy

(dlay) and A,G pol (poD), all as a function of the surface charge

density o at ¢™=0.2 M and ¢®*'=0.2 mM, pore fraction
= 0.003; see also Fig. 5.

3.3. Electroporative permeability parameters

Fig. 7 shows that, using an already very simple
approximation, Eq. (72), the permeability data
can be well rationalised in terms of Eq. (71),
displayed in Fig. 1. In Fig. 7, it is seen that r,,
increases with the transmembrane salt difference,
expressed logarithmically as the difference RT-In
(c™ /c°') of the chemical potentials at the salt
concentrations. The concentrations ¢! (with ¢
= (.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,m =1, where the field effect causes maximum
material exchange. Any further increase in the
transmembrane gradient is ineffective.

In detail, the data show that r,,, increases with
decreasing ¢ (from \,) at constant ¢™. Since a
decrease in N, decreases the factor f, in Eq. (25),
a decrease in ¢°' should reduce the extent of
ME and thus reduce r,,. This is in contrast to
the data (Fig. 7). Indeed, it is the increase in Ac
and thus the increase in AX = —(A G* — A, G°)
which favours ME and thus increases r,,. It
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 C,,

Besides C¢!, C, has been suggested to have two
further contributions: a so called entropic term
C™ and an adsorption term C2%. We may under-
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
Dobereiner [41] we have (in different notation):

RT

Cemr = —(r d+r+r

suc

delx . (74)

5uc

where 7, =ry,+=rq-=0.15 nm is the mean ra-
dius of the hydrated salt ions and ry.~ 0.7 nm
that of the hydrated sucrose molecule; x =

N/ (ngLIC +2 n“‘) 1s the mole fraction of sucrose
with n™ =V-c" = (0.2 mM referring to NaCl,
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Fig. 7. Theoretical interpretation of electropermeabilization
data: (a) haemolysis (H) data of human erythrocytes (rpm =
%H/100% H) of Sukhorukov et al. [47]; (b) field-induced
uptake of the dye Trypan blue into human lymphoma cells U
937 (r,,, =blue-stained cells/total (blue-stained and un-
stained)) of Velizarov et al. [48], both as a function of the
difference Ac =c™™ — c°*. A typical value for the cell inside is
¢™ = 0.15 M. The outside concentrations ¢®! have been cal-
culated from the conductivities given by the authors [47,48]
The solid lines refer to the scaling approximation r,,, =b-f,
for fc”l <f, <f,"™, E 2 E,, [see Eq. (72)].

i.e. Na™-ions and Cl -ions. Here ¢, = 0.284 M,
hence n,, =0.284 M-V and with ¢ =02 mM
Xge= 1. At T= 293 K and with k = 107" J and
o =0.018 C m™?%, we estimate: C{"" = —0.15 X
108 m™!

If the sucrose molecule is adjacent to the lipid
head groups, it may be considered as adsorbed.
The adsorption term is given by [41]:

RT
Ci = Z_K(d + 2rg ) e (75)
where I, is here the amount ng =N, /N, of
N, molecules adsorbed per area unit. Using now

Ly =Ty, = —14x107° mol m™? (N, =84 X
1017 m"? , the value of glucose near egg lecithin
lipid membranes [42]), we estimate Ci% =1.1X
10% m~'[43].

It is realised that CS"" is smaller than C¢!, but
C39s is similar to a the electrostatic contribution
C¢. So far there is no reliable estimation for
eventual differences between (Cg"")” and (C3%)*
in the pore state P compared to those Cj-values
of the closed bilayer state C. Therefore, at pre-
sent the Gibbs reaction energy terms A G(enl;)
and A G(ads), analogous to the other terms A, G;
contributing to the total A G’a have not been
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.

Acknowledgements

We thank Frau M. Hofer for careful processing
of the manuscript and the Deutsche Forschungs-



266 E. Neumann, S. Kakorin / Biophysical Chemistry 85 (2000) 249-271

gemeinschaft (DFG) for the grant Ne 227/9-3 to
E.N.

Appendix A: Gibbs equation for chemophysical
processes

The fundamental Gibbs equation, generally ap-
plicable for isobaric—isothermal processes in a
homogeneous phase « is given by [44]:

dG = —S'dT—Vdp + T, x, - X, (A1)

where S’ is entropy, V' the volume, p the external
pressure. The parameter x, is the generalised
force and X, the generalised displacement of
type k, respectively.

If p and T are same before and after the
process, i.e. dp = 0 and d7 = 0, the Gibbs energy
function G(x,X), ; relevant for ME reads:

dG = X,p,dn; + EAM + ¢dq + TdS +yd L
+ X,BdC, (A2)

For processes which can be controlled by exter-
nally applied electric fields it is appropriate to
group together certain terms in Eq. (A2) accord-
ing to:

dG =dG

chem

+dG,, + X,dG; (A3)
The chemical term dG,.,,, referring to positional
changes or to reactive changes of the molecules
such as a conformational transitions, is given by:

G pem = L, d1; (A4)

and is discussed in the context of Egs. (6) and (12)
of the main text.
The electric term

dG, = EdM (A5)

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
2.,dG;. For instance, surface or interfacial charges

q5=2j|zj|-eo, where z; is the charge number
(with sign) and e, the elementary charge, are
accounted for by (i = surf):

dGy, = ¢,dg, (A6)

surf —

where ¢, is the actual (eventually screened) elec-
tric surface potential at a point in the mem-
brane /solution interface. The surface (or inter-
face) tension T of the interface area S is repre-
sented by

dG,,, =TI'dS (A7)

tens

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

dGlinc = 'ydL (A8)

where v is the line tension and L is the edge
length; for a cylindrical pore L =2m-F,, where
7,=1/{r;) is the mean pore radius. The elastic
curvature of a membrane may generally be cov-

ered by a bending term
dGeng = LiBrdCy (A9)

where B, is the generalised curvature force and
C, is the generalised curvature coordinate (re-
ciprocal radius) of the type k, respectively. See
Eq. (43) of the main text.

A.1. Geometrical curvature

In Eq. (A8), both the principal and the Gauss-
ian curvatures as well as Helfrich’s spontaneous
(or chemical) curvature are covered. Classical
differential geometry, see, e.g. Landau and Lifs-
chitz (1991), provides an expression for the energy
density of bending (g,.,q) Of a curved thin plate
of the thickness d.

In Gibbs notation, the Gibbs energy required
for a displacement dz relative to the X, Y-plane
is given by:
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0x ay

0%z \° 0%z 0%z
t20=0) |Gy | "o 02

(A10)

2
9’z 9%z
bend SédS {( 2 + 2 )

where ¢dS = S represents the surface considered.
The energy parameter is specified by the elasticity
or bending rigidity: k = E-d°/[12-(1 — o})],
where E is the elasticity (or tension) modulus, o
is the Poisson number characterising the
transversal contraction of the plate, o, = 3K —
2w)/[2BK + )], K (in Nm~?) is the compres-
sion modulus, and p (in Nm~2) is the torsion
modulus.

If the plate is a part of an ellipsoid of revolu-
tion with the symmetry axis Z, the displacement z
is given by z=c-y1—(x*+y?)/b?, where b
and ¢ are the main semi-axes of the ellipsoid.
Substitution of 2z in Eq. (A10) yields that
(9%z/0x0y)* — (9%z/9y*)-(9z/ay*) = 0, indepen-
dent of the orientation of the symmetry axis of
ellipsoid. The two principal curvatures of the el-
lipsoid can be expressed by C, = azz/axz/(l +
(9z/0x)*)*/* and C, = a’z/0y’/(1 +
(9z/9y)?*)*/?. Around the 7610 point of the local
coordinate system with Z-axis parallel to the
membrane normal of a vesicle or a cell with c,
b > d, the inequalities (9z/9x)* < 1 and
(9z/0y)* < 1 are fulfilled, and the expressions
for the principal curvatures C, and C, simplify
to:

C,=0dz/0x*, C,=0°z/dy* (A11)
Substitution into Eq. (A10) yields
K 2
Grena = $4S-{5-(C,+C,)*} (A12)

covering the two principals curvatures C,=C,
and C, = C, in Helfrich’s notation.

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

The adequate thermodynamic work potential

for the description of electric field (E) effects is
the characteristic [45] or the transformed [46]
Gibbs energy, defined as:
G=G-EM (A13)
where the total moment is given by M =X, M;-n;,
M;=N, (m} where M; is the molar moment
and (m N the orlentatlonal average of the electric
dipole moment vector m; of species j, respec-
tively. In Guggenheim’s notation, M = V-g,-&-E*
[45]

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

dG = X,p;dn; + EAM (A14)

and substituting in the differential form of Eq.
(A13), we obtain
dG = X;p,dn; — MdE (A15)

where now E is the independent variable, as
required. The differential operation (dG/

dn)) =f=p - f M; dE defines the

j/p,T.n# n;
dipolo-(or dielectro-) chemlcal potential [12],
where the notation n # n; means all n constant
except for n;.

A.3. Chemophysical potential

The more general transformed Gibbs energy,
adequate for the energetics of ME is an extension
of Eq. (A15):

dG =dG, . +dG

chem + ZidGi (Al 6)

pol

where the polarization Gibbs energy is defined by

4G,y = —MdE

(A17)
Applying Eq. (A3) and the differential operator
d/dn; to Eq. (A16) we may formulate a gener-
alised chemophysical potential according to
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G

an]

A

b=

) =+ NI dX,  (A18)
p.T.,n#n;

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

AZ=p® — [Mdn; + N, T, frd X, (A19)

and enters into G* = L(v;- ;) as discussed in
the context of Eq. (6) of the main text.

A.4. Gibbs reaction energy terms

Applying the classical differential reaction
operator A, =d/d§, where d§=dn;/v; is the
differential molar advancement of the process
(e.g. a state transition), n; is the amount of sub-
stance and v; is the stoichiometric coefficient of
component j, respectively, to Eq. (A16) we obtain

the suggesting grouping:

A

AG=AGuyen + 8,6y + 5, (8,G),,  (A20)

As outlined previously [2] the remaining physical
terms k' can be specified according to Eq. (A2).

For instance, Eq. (A7) yields Arétens =N, f S(FP
0
- FC) dS’ Eq (AS) A éline =NA ’ ‘[L(’YP - 'YC)

dL and Eq. (A9): A,G,.s =N, f (BF-CcP—pe¢-
Cf) dC,.

Appendix B

The total electrostatic bending energy density
ggl 4 can be represented as the weighted sum
between the inside (in) and outside (out) leaflets
[25]:

2
ta, {agy, 'gglllt(cyl)

out

ggiend(cyl)

+a; g (cyD)} (A21)

2

el
8ven (Sph) -
pend out +a 2

X {aout goul(sph)

ap,-g& (sph)} (A22)

The terms g¢, and g!, each are developed as a
power series of 1/a, for a;, and a_,,, respectively,
according to:

out?

1
2

1
gl =gt @y +(a7) (A23)

where the — sign of the term g,/ refers to
"/, and the + sign to g7 ..
Substltution of Eq. (A23) into Egs. (A21) and

(A22) yields rather elaborate expressions. For in-

stance, the cylinder term is:

henalcyD) = _{[go +gg"-d' ]
_ gln '/in m /out d
Ain Aout
/2 /2 /
+ 2 in gout out l} (A24)
Aout aoul

where d' =1+d/a;,. Comparison of the coeffi-
cients in Egs. (55) and (56) of the text yields (a)
for a cylinder shell:

KEI'(CCI)Z am
TO = {gin(cyl) +gd* (cyl) -d'}
(A25)
k-C ay,
7 ~ "7
gi'leyD 7, gt (eyD £, d’
% in - Aout
(A26)
1 Kel _ a,
2 72 a
in D/ out 1
><{g2 (Cyz) in (Cy) out d }
in aout

(A27)
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(b) for a spherical shell:

Kel.(Cel)2 a,
—— = 7 (&d(sph) +g§*'(sph)-d"}
(A28)
3 2- Ke‘-C{;‘ @iy
a N a
[,
ain
out h-Z .-d
— gl (Sp ) out } (A29)
aout
R+2-k ay,
@ a
in h) -2,
% {gZ (sz ) in
ain
out(s h) /
+ g2 I:; out 'd,} (A30)
Aout

The coefficients g,, g, g§, have been obtained
from the integral g, = f Ucpdo-. The potential ¢ is
0

the solution of the Poisson equation Ve =
—p/(gy-¢,) in cylindrical or spherical coordi-
nates, respectively, where p is the volume density
of free ions and V is the nabla operator. For a 1:1
electrolyte of concentration c, the Poisson—Boltz-
mann equation reads:

(A31)

2-c-e e, o(R)
2 _ 0 0
VZ¢(R) = 5,5, N, smh( T )

where R=a//. Eq. (31) is now applied to each
side (in/out) of the membrane. Note, for V2¢ in
V m~? computation may start with the conver-
sion of ¢ in mol m~*. Assuming a uniform sur-
face charge density o [C m~?] and charge neu-
trality for the bulk, the boundary conditions for ¢
are: (a) outside of the shell: R=a//— « yields
¢(R)=0 and de(R)/dR=0. At R=a,, /2,
we have

€ d(P(R) _ €0 Oout '/out _

KT AR " sgoe, kT " Sout (A32)
(b) inside: R — 0 yields |e(R)> 0 and
IdW(R)/dR|> 0. At R =a,;,//,,, Wwe have

& . d‘P(r) _ eﬂ'o-in '/in _ (A33)

KT ~—dr ~ gye, kI ~°in
The parameters s;, and s,,, enter in Eq. (59) of
the text. With m(cyl) =1 and m(sph) =2, the
coefficients g,, g,, g, are generally expressed for
both, the inside and the outside, respectively, as

[25]:

s s2\"?
g0=d”-{2-ln 7+(1+T) l

4 s2\"?
gl——4'”;'d ‘In[x] (A35)
L8 +;)

g2 :d/r § S3 (1 +S2/4)1/2

_ 2~m-(sm— 1) -Dl(ln[x])

(A36)

where d" = o-kT/e, and x=(1+ 1 +
s?/4)'/?)/2 and D, is the Debye function: D,(x)

= [(e'=1)"'-t dr of x, ¢ being the dummy

0
variable.
Whereas g,(cyl) = g,(sph), we readily see that:

”

(A37)

gyl = — ‘In[x]

N

, 1.8
g(eyD) =d ‘{§+s—3

- ;)}
(1+s2/8)"?
(A38)
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8_d//

g,(sph) = — “In[x] (A39)

2,(sph) = 4- {gz(cyl) -4 -Dl(ln[x])} (A40)

As mentioned in the main text, the combination
of Egs. (A37), (A38), (A39) and (A40) with Egs.
(A25), (A26), (A27), (A28), (A29) and (A30) leads
to Egs. (57) and (58).

For a cylinder shell the electrical contribution
to the modulus of Gaussian curvature k° = 0. For
the spherical shell k® is given by:

8-a*

a’, +a:

out

X E . { O-out'/ozut

EEI —

oo | s Pilyoud

2

O-in'/in
+ 5 “Dyly;,]

m

(A41)

where y =1In[(1 + B)/2].
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