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Abstract Membrane electroporation, vesicle shape de-
formation and aggregation of small, NaCl-filled lipid ves-
icles (of radiusa= 50 nm) in DC electric fields was char-
acterized using conductometric and turbidimetrical data.
At pulse durations tg < 55 + 5 ms the increase in the con-
ductivity of the vesicle suspension is due to the field-in-
duced efflux of electrolyte through membrane electro-
pores. Membrane electroporation and Maxwell stress on
the vesicle membrane lead to vesicle elongation concom-
itant with small volumereduction (upto 0.6% inan electric
field of E= 1MV m™). At tz>55+ 5ms, further in-
creases in the conductivity and the optical density suggest
electroaggregation and electrofusion of vesicles. The con-
ductivity changes after the electric pulse termination re-
flect salt ion efflux through slowly resealing electropores.
The analysis of the volume reduction kinetics yields the
bending rigidity k = (4.1+0.3) - 102°J of the vesicle
membrane. If the flow of Na" and Cl~ ions from the vesi-
cleinterior istreated in terms of Hagen-Poiseuille's equa-
tion, the number of permeable electroporesis N = 39 per
vesicle Wlth mean pore radius r,=0.85+ 0.05nm at
E=1MVm™and t- <55+ 5ms. The turbidimetric and
conductometric data suggest that small lipid vesicles
(a< 50 nm) are not associated with extensive membrane
thermal undulations or superstructures. In particular with
respect to membrane curvature, the vesicle results are sug-
gestive for the design and optimization of electroporative
delivery of drugs and genes to cell tissue at small field
strengths (<1MVm™) and large pulse durations
(100 ms).
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Abbreviations aVesicle radius - y Reduced distance
between thevesicle centers; y = h/a- y, Average reduced
distance between the vesicle centers; y, = hy/aatE=0 -
Y, Pore partition coefficient; y, = [nP]/ [n'" -y, Conven-
tional membrane partition coefficient - D Diffusion coef-
ficient of ions passing electropores - E External electri-
cal field strength - f,, Fraction of porated membrane sur-
face - Ady, Threshold value of the transmembrane poten-
tial drop - H Vesicle membrane curvature; H=1/a -
h Distance between the centers of two approaching ves-
icles - hy Average distance between the centers of two
vesicles a8 E=0-k Membrane bending rigidity -
A+(t) Suspension conductivity after application of an
electric pulse (at timet) - A_(t) Suspension conductivity
without application of an electric pulse due to salt leak-
age - Ag(t) Conductivity of the blank solution of sucrose
and NaCl due to Joule heating - Aq Initial conductivity of
vesicle suspension before pulse application - AA' Ampli-
tude value of the phase | at time t =tz - AN Amplitude
value of the phase Il att - o - A5 Maximum conduc-
tivity dueto salt released from vesiclesin the bathing so-
lution - A;,, Conductivity of electrolyteinthevesicleinter-
ior - Anax Membrane conductivity - A, ¢ Total conductiv-
ity of avesicle (i.e. vesicle membrane and vesicle inter-
ior) - As Conductivity of the extravesicular medium - [nP]
Molar concentration of ionsin the pore water - [n'“] Mo-
lar concentration of ions within the vesicle - '™ Amount
of electrolyte in the intravesicular medium - ng' Amount
of electrolyte in the vesicle at the end of the pulse - n°“
Amount of electrolyte in the extravesicular bulk medium
- N Number of membrane pores per vesicle (N°, maxi-
mum number) - { Increase of vesicle radius in the direc-
tion of the maximal elongation - & Maximum conductiv-
ity factor (Amax/Ao) - P, Pore permeability coefficient -
P,, Conventional membrane permeability coefficient -
M Mean pore radius - S, Total area of pore surfaces
(Sp =N-11-1?) - S° MaX|mum total area of pore surfac-
es (Sp=N°- - r2) te Pulse duration - V™ Volume of
|ntrave3|cular medium - V" Volume of extravesicular
medium
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Introduction

Membrane el ectroporation and shape deformation of lipid
vesiclesin an electric field have frequently been the sub-
ject of both advanced experimental techniques (Kummrow
and Helfrich 1991; Neumann et al. 1992; Kinosita et al.
1992; Hibino et al. 1993) and sophisticated mathematical
theories (Winterhalter and Helfrich 1988; Neumann 1989;
Hyugaet al. 1993; Sokirko et al. 1994; Seifert 1995; K ak-
orin et al. 1996). Membrane electroporation (ME) is an
electrical technique to render lipid membranes porous and
permeable, transiently and reversibly, by external voltage
pulses. Recently, ME has gained increasing importancein
cell biology, biotechnology (Neumann and Kakorin 1996)
and medicine, in particular in the new field of electropo-
rative chemotherapy; see, e.g., Heller et al. (1996). The
“electro-deformation” of lipid vesiclesispossibly amech-
anism to provide larger pores leading to transmembrane
transport or causing membrane rupture. Proper analysis of
vesicle deformation yields the elastic rigidity of the mem-
brane (Kummrow and Helfrich 1991).

There are sometheoretical estimates of the deformation
kinetics of small vesicles (Sokirko et al. 1994). Electro-
deformation of giant vesicles can be easily observed in the
light microscope. The enormous increase in membrane
area (=15%) was suggested to be due to an optically invis-
ible superstructure or membrane roughness (Kummrow
and Helfrich 1991). In contrast to giant vesicles, cryo-
transmission el ectron-micrographs of small vesicles of ra-
dius20 < a/nm < 200 show rather smooth surfacesascom-
pared to the flaccid giant vesicles depicted on the same
scale (Klosgen and Helfrich 1993). Apparently, the large
membrane curvature of the small vesiclesisincompatible
with superstructure.

Another membrane area reservoir available for vesicle
deformation is the thermal membrane undulations super-
imposed on an average, equilibrium vesicle shape (Helf-
rich and Servus 1984; Seifert 1996). However, the small
lateral membrane tension (¢ = 1 mN m™) inherent to all
lipid bilayers in water should render the thermal undula-
tions of membranes negligibly small (Steiner and Adam
1984).

Our approach to investigate M E and shape deformation
of small vesicles (which are invisible in the light micro-
scope) isto load the vesicleswith highly concentrated el ec-
trolyte and to measure the kinetics of the conductivity in-
crease caused by an electric pulse. The optical density of
the vesicle suspension yields additional information con-
cerning vesicle shape def ormation, el ectroaggregation and
electrofusion. The data permit one to specify the mecha-
nism of vesicle deformation in an electric field; for in-
stance, to decide whether the deformation is dueto amem-
brane superstructure or thermal membrane undulations or
whether the ion efflux from the vesicle interior is caused
by (afew) membraneel ectropores. The analysisof the con-
ductometric and optical data provides the rate constant of
vesicle deformation, the membrane bending rigidity, mean
pore size and estimates of pore numbers per vesicle.

Materials and methods

Preparation of salt-filled lipid vesicles

Unilamellar vesicles of avery homogeneous size distribu-
tion were prepared from phosphatidylcholine (PC) and Na-
phosphatidylglycerol (PG), from Lipoid KG by the ex-
truder technique (Hopeet al. 1985; MacDonald et al. 1991).
A homogenized mixture of 50% PC and 50% PG (w/w)
was suspended in 0.5 M NaCl solution and freeze-thawed
five times in liquid nitrogen to obtain solute equilibrium
between trapped and bulk solution. With the LiposoFast
mini-extruder the multilamellar vesicles were extruded
21 timesthrough two stacked polycarbonatefilters of nom-
inal poresize 100 nm (Avestin) to produce 100 £ 5 nmves-
icles(Mayer et al. 1996). In order to remove external NaCl,
the vesicle suspension was dialyzed against sucrose solu-
tion of the same osmolarity (0.7 M sucrose). The vesicle
suspension was diluted with degassed sucrose solution to
prepare aliquots of afinal lipid concentration of 1 mM.

Electroporation protocol and conductivity measurements

Rectangular electric pulses were delivered with an Elek-
troporator (Dialog |1, Dusseldorf). The field strengths E
were increased up to 1MVm™ (at electrode distance
1 mm) and variable pulse lengths from 0.005 < tz/s< 1.
The sample cells were disposable spectrophotometer cu-
vettes with inserted stainless steel electrodes; they were
thermostated at 293 K (20°C). After the application of a
single pulse, the suspension conductivity A (t) (Fig. 1a, b)
was measured with a KNICK digital conductometer
(Kriss, Hamburg); responsetime constant <0.5 s. Thetime
dependenceA_(t), without external field, iscaused by leak-
age of salt ions through the vesicle membrane. In order to
account for the conductivity changes due to Joule heating
and electrode effects, the conductivity Ag(t) of the blank
solution of sucrose and NaCl of identical initial conduc-
tivity as for the vesicle suspension was recorded after ap-
plying the same electrical pulse parameters. The relative
change in suspension conductivity AA(t)/A, is therefore
solely due to salt efflux through the electropores and is
given by:

DA(t) _ (A7 (1)~ DAR (1) - AN, (1))

Ao Ao (1)

where Aq is in the initial suspension conductivity before
pulse application; typically Ag = A+(0) = 0.58 mS/m, and
AN (1) = Ar (D) — Ao, DAR(L) — Ao, DAL (T) — Ao

Optical density measurements
The optical density OD or turbidity of the vesicle suspen-

sion was measured at a wavelength of A = 300 nm with a
KONTRON 860 spectrometer with thermostat control (re-
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Fig. 1 aCrosssection of asalt-filled vesiclein an electric DCfield
E; A Ain @nd A, are the conductivities of the vesicle membrane,
vesicleinterior (electrolyte) and external medium (sucrose solution),
respectively. b The total conductivity A+(t) of a suspension of salt-
filled lipid vesicles and the reference conductivity Ag(t) of the blank
solution, both treated with one rectangular electric pulse, as afunc-
tion of post-field timet at E=1MVm™ and tz = 70 ms. Vesicles
from PG and PC in the molar ratio of 1:1 at total lipid concentration
1 mM and radius a= 50 nm, filled with 0.5 M NaCl, are suspended
in 0.7 M sucrose solution: Ay = 0.58 mSm™, T = 293 K; A, (t) isdue
to leakage of salt through the vesicle membrane. The nominal con-
centrationsof NaCl (=1.0 M inions) inthevesicleinteriorand 0.7 M
of sucrose, resulting in equal thermodynamic activities a(NaCl)
= a(sucrose), were chosen to reduce the osmotic gradient to zero ac-
cordingtothestandard procedure. ¢ Therelativeconductivity change
AN (t)/Ag = (AN (1) — ANg(L) — A (1))/ Ao The data suggest the ex-
istence of at least two different phases: phase | (hot time-resolved)
includes all changes in conductance at the end of the pulse and is
characterized by the value AX' (t) /Ao, determined by extrapol ation of
AX(t)/Agtot = O corresponding to the end of the pulse at tz. The am-
plitude of the time-resolved phase Il is defined by AN'/Aq=
(DA (t - ) —=AN' (1) /Ao

sponse time constant <0.5 s). The same cuvette was used
for the electroporation experiment. The data analysis uses
therelative changein the OD of the suspension defined as:

AOD _ ODg -ODg
oD, oD,

where OD, and ODg are the stationary values of the opti-
cal densities before the treatment with the electric field
pulse and 10 min after the pulse application, respectively,
where there was no further change in OD.

(2)
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Results

The relative change in the suspension conductivity
AN (t)/ A of the salt-filled lipid vesicles after an electric
field pulse (Fig. 1c) ischaracterized by at least two kinetic
phases: arapid phasel, not time-resolvedisprobably solely
the result of the pulse (up to 100 ms). The slow phase Il of
the post-field time interval has a characteristic time con-
stant of T= 15s.

The amplitude AN'/ A, of the phase | was determined by
extrapolating the measured conductivity changes

Yony :(A}\' (te) + N (1)) /o 3)

to the time point t = 0, corresponding to the end of pulse
(te): AN (te) /Ao = AN (t = 0)/Ag; AN" () /A, is the relative
conductivity change of the second phase. The amplitude
of phase |1 is defined by the difference:

AN' /N = (BA(t - ) =N ) /2 (4)

A common feature of both phasesisthat they exhibit inter-
mediate plateaus as a function of the pulse duration tg
(Fig. 2a, b). After the end of the plateau at tg =55 ms
further, steep increases in both AN (tg) /Ao and AN (tg) /A
are observed.

At short pulse durations tg < 55 + 5 ms, the amplitudes
AN (tg) /), as afunction of E are practically independent
of tg (Fig. 3a). At longer pulse durations tg > 55 + 5 ms,
the increase in AN (tg) /Ao with E is steeper with increas-
ing tg (Fig. 3b). Aswith phase |, the field dependence of
the amplitude AN (tg) /A, of phase Il at tg < 55 msis prac-
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Fig. 2 Therelative conductivity changes (a) AA'/ Ay, and (b) AN/ A,
asafunction of the pulse duration tg at E=1MVm™=. The solid line
in (a) corresponds to the calculation with Eq. (7) and Eq. (8) with
K =(4.1%0.3) - 1020 J. Experimental conditionsasin Fig. 1
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Fig. 3 Field strength dependencies of the conductivity phases |
(AN'/Ag) at a: te/ms=30(0), 50 (@), 60 (0) and (b): t/ms = 65
(m),70(A), 75 (A). The solid lines correspond to the calculations
with  Eg. (7) and Eg. (10). The bending rigidity
K=(41%0.3)-102°J corresponds to the mean vesicle radius
a=50nm at (a): tg/ms= 30, 50, 60, and b: a/nm =55, 65, 68 at
te/ms = 65, 70, 75, respectively. c: field dependence of conductiv-
ity phases I (AA"/Ap) at: tz/ms=30(0),50 (@), 60 (O), 70 (A),
75 (A) ms. Experimental conditionsasin Fig. 1

tically independent of the pulse duration; but at tz > 55 ms
they increase with tg (Fig. 30?.

Parallel to AA(tg)/ Ao = (AN (te) + AN (t))/ Ao, the rela-
tive optical density AOD (tg)/ OD,, of the vesicle suspension
increases very steeply after tt=55+5a E= 1MV m*
(Fig. 4a). At constant pulse duration tg = 90 ms, AA(E)/ A
and AOD(E)/ODy both increase in parallel at
E>0.9+0.1 MV m™ (Fig. 4b). Apparently, the two con-
ductivity phasesoriginatefrom different processestriggered
by the field; they are, therefore, analyzed separately.

Data analysis and theory

ME triggers changes in the conductivity of
vesicle suspensions

The electric field-induced increase in the suspension con-
ductivity will be shown to originate from membrane elec-
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Fig. 4 Relative signal change Ax/Xq, (©) AOD/ODg and (@)
AN/ )\, a: asafunction of the pulse duration tg at E =1 MV m~ and
b: as afunction of the field strength E at tz = 90 ms. Experimental
conditionsasin Fig. 1

troporation. Actually, only membrane electropores can in-
crease the ion transport through the membrane to a such a
large extent. The field-induced change in the suspension
conductivity is 10 to 100-fold larger than that due to the
zero-field leakage of electrolyte from the lipid vesicles
(Fig. 1b).

Conductivity phase |

The conductivity phase | may be related to the conductiv-
ity change during the field pulse (tg < 100 ms). The inter-
mediate plateau of AN (tg) (Fig. 2a) cannot berationalized
in terms of simple diffusive or electrodiffusive ion efflux
through the electroporated membrane, which would be
characterized by a monotone increase in AN (tg) with te.
Both AX'(tg) /Ao and the plateau can, however, be consis-
tently described by membrane electroporation and vesicle
deformation. Actually AM'(tg)/A, is due to the ion flow
through the membrane electropores driven by the addi-
tional hydrostatic pressure produced by the Maxwell stress
inthevesicleinterior. Theelectric forcesacting on the ves-
icle membrane result in a shape deformation of the vesi-
cle. Theefflux of ionsfrom the vesicleto bulk solution oc-
curs until the curvature-elastic forces opposing the Max-
well stress electric forces on the vesicle membrane are bal -
anced. The steady-state amplitude of the deformation, cor-
responding to the balance of the electric and curvature-
elastic forces, depends only on the electric field strength
and the membrane bending rigidity, and not on the pulse



duration, provided that the elastic properties of the mem-
brane remain unchanged during the pulse. In fact, if the
membrane of a small vesicle is considered as practically
unstretchable (neither thermal undulations nor membrane
superstructure) thevesicle elongation in thefield direction
should lead to a reduction of the vesicle volume (Winter-
halter and Helfrich 1988). Thus, the transition from a
spherical vesicleto aspheroidal oneisaccompanied by an
escape of internal solution from the vesicleinterior. If the
membrane permeability to water and ions due to electro-
poration is large enough, a steady state of the vesicle de-
formation can be reached in a time which is shorter than
the pulse duration. In our case (Fig. 2a) the intermediate
steady state or the plateau of AX' (tg)/), is reached with a
time constant of 15 + 2 ms.

Thetotal amount of electrolyteleaving thevesicleinter-
ior depends on the vesicle elongation. For a small ellip-
soidal elongation, { < a, the vesiclevolumereduction can
be approximated by:

Av:gnqxam)(a—z/z)z— = nman? (5)

where { istheincreaseinthevesicleradiusfromatoa+ ¢
in the direction of the maximal elongation and {/2 is the
corresponding radius decrease in the orthogonal direction.

At low electrolyte concentration where the conductiv-
ity change is directly proportional to the amount of elec-
trolyte which has escaped from the vesicleinterior, we ob-
tain for the relative conductivity change:

AN _ AV
Vo

6
- (6)
where A« 1S the maximum conductivity of the electro-
Iyte, which would be reached if the salt is completely re-
leased from the vesicle interior into the solution and
Vo= (4/3) - - aistheinitial volume of the vesicle.

The total content of NaCl entrapped in vesicles, deter-
mined by atom absorption spectrometry, is [NaCl] =
635 + 2 uM and the corresponding conductivity of the salt
in the bathing solution is A, = 3.91+0.01 mSm™. As
Ao = 0.58 £ 0.01 mS m, the relative change of the con-
ductivity AN/ A (Eg. (1)) can berelated to therel ative ves-
icle volume change (Eg. (6)) according to:

M: AV Effmaxzz \Y 7
Wb Wi ot L vie ()

where & = Aa/ Ao

I ntegration of the Hagen-Poi seuille equation for thevol -
ume flow from the vesicleinterior (Eq. (A1) of appendix)
yields:

AV (t) = AV [{1- exp(-t/ 1)) (8)
where the volume relaxation rate is

-1 _ 4 2
11 =(96/5) N, &2/ ©)

(d M 2° o By 1+ a0k /(Ao [H)} EIEZ)
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Fig. 5 Relativevesiclevolumechangeinan electric field asafunc-
tion of time, cal culated according to the strict Eq. (A1) (solid curve),
approximated with Eq. (A4) at T = 15 ms (upper dashed exponent)
and T = 30 ms (lower dashed exponent), and plotted by dotted curve
according to the close-to-equilibrium-point (monoexponential) ap-
proach of Sokirko et al. (1994)

and the equilibrium volume reduction is:

AV, = (11/1024) (23 2,
{i+ald /(Ao @)} (E* 2%/ K2

Note that the rate of volume change due to vesicle defor-
mation is the same as the deformation rate and is much
smaller than the rate of membrane electroporation caused
by Maxwell-Wagner interfacial polarization with the char-
acteristic time constant T,=a-C,,- AT+ 05 A3 =
0.43 s, where C,,, = 10 mF m2 is the specific membrane
capacitanceand A, = 0.1 S mtisthe conductivity of elec-
trolyteinthevesicleinterior (Neumann 1989). Asthechar-
acteristic electroporation time is <0.5 ps for sea urchin
eggs (Hibino et al. 1993) and <1.7 ps for lipid vesicles
(Kakorin et a. 1996), membrane electroporation precedes
the electrodeformation due to volume reduction (charac-
teristictimeconstant=15 msat E = 1 MV m™2). Therefore,
the vesicle deformation and thus the increase in salt con-
centration in the extravesicular medium are rate controlled
by electrolyte flow from the vesicle interior through the
membrane pores of constant surface area.

From Eq. (9) it is seen that the vesicle deformation rate
decreaseswith thevesicleradiusassteeply as1/a° (!). The
decrease with increasing field strength follows a 1/E? =
dependence. For comparison, if the deformationiscloseto
the equilibrium (F4=F,), it relaxes monoexponentially as
isfamiliar for small deviationsfrom equilibrium. If theen-
tire deformation kinetics are approximated by only one ex-
ponential, Tt would be inversely proportional to a'® E*
(Sokirko et al. 1994). In our experimental case this close-
to-equilibrium approximation is inadequate. Our two-ex-
ponential “fork approximation” is apparently more satis-
factory (Fig. 5) toanalyzethedeformation kineticsof small
vesicles.

If Eg. (7) and Eq. (8) are applied to the analysis of
AN'(tg)/ A (Fig. 2d), we obtain the characteristic volume
relaxationtimet = 15 + 2 ms, thebendingrigidity k = (4.1
+ 0.3) - 102° J, and the fraction of porated membrane sur-
face f,= (N -1tr2)/(4 - 1- &) = 0.0025 (0.25+ 0.03%),
resulting in a maximum of N = 39 + 3 pores of mean pore

(10)
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radiusr, = 0.85 + 0.05 nm per vesicle, at thefield strength
E=1 MV m~ and at a pulse duration of tz <55+ 5ms.
For comparison, the radius of so-called stable secondary
pores (20 s after pulsing), induced in erythrocyte mem-
branes by an exponential field pulse of E, = 0.7 MV m™
and a decay time constant of Tg = 40 ys was estimated to
be 0.75 + 0.5 nm (Deuticke and Schwister 1989). The in-
crease in the pore fraction of the erythrocyte membrane
with increasing field strength was suggested to be due to
an increase in pore density rather than in the pore radius.
In our range 0.5<E/(MV mY)<1.0and t<55+5ms
the pore density and thusf , are constant, because thetrans-
membrane conductivity increase should prevent a further
increaseintheporedensity (Kakorinetal. 1996). Thechar-
acteristic volume relaxation time constant T increases with
the square of the field strength (Eg. (9)). For example,
a E=05MV m?' we obtain 1=4ms, whereas at
E=1.0MV m™, t=16ms. Thenin the pulse duration
range30 < tz/ms< 60and at 0.5 < E/(MV m™) < 1.0, the
relaxation of the vesicle deformation would last beyond
the termination of the pulse. Thus AX' (tg) /A would reach
a saturation value before vesicle electroaggregation and
electrofusion begin (Fig. 3a). The analysis of thefield de-
pendencies of the AX'(E)/), in the range 30 < tz/ms < 60
with Eq. (7) and Eg. (8) not only yields the same bending
rigidity k = (4.1 + 0.3) - 1072° J, but al so suggests that nei-
ther the rigidity of the membrane nor the mean vesicle ra-
dius change in the time interval 0<tz/ms<60 at
E<1iMVm™

Thesteepincreasein AN (tg) /A, after the plateau region
(Fig. 24) is suggested to be due to electroaggregation and
electrofusion of vesicles. Consistent with the turbidity
data, the electroaggregation and partial electrofusion of
vesicles, leads to an increase in the effective vesicle size.
This, inturn, increasestransiently the transmembranefield
and thusthe extent and therate of the el ectroporation (Neu-
mann 1989). As the pore number N and mean pore radius
r, increase, the characteristic volume relaxation 1 de-
creases (T < 15 ms). Therefore the values of AN (E)/ ), at
te > 60 ms (Fig. 3b) may be analyzed with Eq. (8) in the
limit of AV = AV, So far as AV does not depend either
on N, or on ry, (Eg. (10)), only the bending rigidity k and
the vesicle mean radius are adjustable parameters of the
analysis of the field dependencies of A\ (E)/)\0 (Fig. 3b)
with Eq. (7) and Eq. (8). AtE =1 MV m™anda= 50 nm
the analysis yields the bending rigidity k/J=3.1, 1.6 and
1.5+ 0.3 - 1072° at the pulse durations tz/ms = 65, 70, 75,
respectively. However, the fraction of membrane porated
area can hardly be larger than 0.2% (Hibino et al. 1993),
thus the bending rigidity k should remain constant even on
vesicleelectroaggregation and el ectrofusion. Themore ad-
equateanalysisof thesamedatain Fig. 3(b), but now under
theassumption of constantk =4.1 - 1072° J, givesthemean
vesicle radii a/nm = 55, 65, 68 + 5 at the pulse durations
te/ms = 65, 70, 75, respectively. Accordingly, thesteepin-
crease in the dependencies AN (E)/ A, (Fig. 3b) is mainly
due to the increase in the mean vesicleradiusfroma = 50
to 75 nm after vesicle electroaggregation and electrofu-
sion.

Conductivity phase Il

The conductivity phase Il (AA' (tg)/Ao) is consistently an-
alyzed asdiffusion of saltionsthrough the annealing pores
after the termination of the field pulse. Applying Fick's
first law and assuming a monoexponential resealing of the
pore area with the rate coefficient kg (Eq. (A9), the molar
amount of electrolyte n' in the vesicleinterior is given by
(see Appendix):

rSt)‘eXIO( (kf Ikg)@a-e ke Eﬂ)) (11)

ng

where nlJ' is the amount of electrolytein the vesicleinside
at the end of the pulse and k? isthe efflux coefficient given

by:

0
kozpp[ngsnpp[ﬂp 12
wherefg =N -r3/(4 - &) |sthefract|on of the porated area

at the end tg of the electric pulse, S =N°.m-r?isthe
maximum total area of pore surfaces, P =Y, -D/disthe
pore permeabi Iity coefficient, D isthe diffusi on coefficient
of the ions passing through the electropores, and y,, is the
pore partition coefficient, given by y, = [np] /[n'"], Where
[nP] and [n'"] are the concentrations of ionsin the pore wa-
ter and within the vesicle, respectively. According to
Kohlrausch’s first law for diluted solutions, Eq. (11) can
be rewritten as (see Appendix):

A)\” (t) )\|
Ao

|-y (13)

where A)\”/)\O is the amplitude value of the phase Il at
t - o. Hence the efflux coefficient can be expressed as
(see Appendix):

k9= kg - AN/ (14)

The coefficients k? and kg were determined by analysis of
the conductivity relaxations (Fig. 1¢) and the field depen-
dencies of the conductivity amplitude (Fig. 3c) with
Eg. (13) and Eq. (14). The pore resealing coefficient kg
does not depend on the pulse duration or on the field
strength in the ranges tz = 10 to 100 ms and E=0.5 to
1.0 MV m™, respectively (as expected for resealing with-
out field). Experimentally, we find kg = 0.10 + 0.02 s,
Since kg is a constant, the initial pore size and pore struc-
ture should not be dependent on tg and E. Similarly, Deu-
ticke and Schwister (1989) suggested that the pore crea-
tion-resealing cyclein erythrocytesis determined to ama-
jor extent by increasing and decreasing the pore density,
while the pore radius remains practically constant, ration-
alizing thefact theresealing rate of the pores after thefield
pulse does not alter with tEOand E.

The efflux coefficient k¢ of the electroporated vesicles,
AN'(tg) /A (Fig. 2b) and A)\”(E)/)\0 (Fig. 3c), however,
depends on the pulse duration and field strength, respec-
tively (Fig. 6a, b). Equation (12) yields numerical values
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Fig. 6 Efflux rate coefficient k? as a function of a pulse duration
tcat E=1.0MV m™, bfieldstrength Eat tz/ms=30(0),50(e),

65 (m), 70 (&), 75 (A). The rate coefficient of pore resealing
kg = 0.10 £ 0.02 st isfound to be independent on tz and E. Experi-

mental conditionsasin Fig. 1

for the pore permeablllty coefficient of NaCl ions in the
pores: P, naci = k§ - a/(3 - fp). Intherange 0.5 < MV m™
<1 and for tz =50 ms we obtain k¥ =(8+2)-10*s?
(Fig.6b) and fJ= (25£03) - o-3 hence P,naci =
(5.6 £0.5) - 10‘9 m s 1. Note, the conventional membrane
permeability coefficient P, refers to the total membrane
surfaceareaand not soIertotheareaof passagestes Thus,
Pmnact = Ponact - fp = 1.4 - 107" ms™. Oneisinclined to
comparethis P, naci Valuewith that of, for instance, the so-
called‘ postulated’ poresof theerythrocyte membrane (20 s
after an exponentially decaying field of initial strength
Eo < 0.7 MV mtwithtimeconstant of 40 ps): Pk <4.72

-10°ms™ (Deuticke and Schwister 1989). The value

P+ (erythrocyte) is about 100-fold larger than Py, nac
(lipid vesicle). However, thered blood cellsare afactor =50
larger than our vesicles. Therefore, at the same external
field, thetransmembranevoltage and thusthe extent of elec-
troporation are correspondingly higher.

If onetakesthediffusion coefficient of NaCl inthepores
to be equal to that in the free solution D =2 - 10° m? st
at 273 K, the pore partition coefficient (yp) for NaCl ions
in the membrane pore and bulk solution is y, =P,
d/D=1.4-108 The conventional membrane partltlon
coefficient y,,, which refersto the total membrane surface,
is than given by: y, =y, - f, = 0.35 - 10°. Indeed, v, is
rather small, but the value is physically reasonable for the
penetration of ions into the dielectric medium of the lipid
membrane.
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Electroaggregation and electrofusion of vesicles

Theincreasein AOD/OD reflectsincreasing turbidity and
is too large to originate from vesicle deformation alone.
Most likely vesicleel ectroaggregation and el ectrofusion are
responsible for the large turbidity increase. Electromicro-
graphs of pulsed vesicles indeed show larger aggregates,
appearing to be parallel with increasing AOD/OD,, (data
not shown). Theoretically, the Rayleigh-Debye approxima-
tion (Wyatt 1973) for coated spheres and spheroids shows
that the turbidity is proportional to the product of n - V2,
where n is the number of particles per unit volume,
V = (4/3) - - & is the mean particle volume and a is the
radius of equivalent sphere. Therefore, an increase in the
mean equivalent radius of aggregates or fusionates could
lead to an increase in OD, even if n decreases with time.

The electric field-induced Maxwell stress increases
with & (Eq. (A2)). At given external field the electric po-
tential drop [A¢ | = 1.5 - E - aacrossthe vesicle membrane
increases linearly with a. The larger the size of the vesicle
aggregates or fusionates, the larger are the extent and rate
of membrane electroporation and vesicle deformation at a
given field. Electroaggregation, followed probably by
electrofusion, therefore leads to a larger electroporated
membrane area and to further vesicle deformation. Conse-
guently, there is additional leakage of electrolyte from the
ve5|cle interior rationalizing the steep increase in
M\'(tg)/Ag (E=1MV m?, Fig.2a) as well as in
AN'(E)/ A, (Fig. 3) at tg > 55+ 5ms. The increase in the
fraction f,, of porated membrane areaaloneresultsin aless
pronounced increase in the after-field diffusion phase I1,
MN" (te) I Agand AN" (E) /Ao, @t E = 1 MV m™andtg > 55 +
5ms (Fig. 2b and Fig. 3c, respectively).

Theoretically, an estimate for the time constant T, of
approach, resulting in contact of two spherical vesiclesin
an electric field, is given by (see Appendix):

L30_10_15H 90
n%« 0D5y° 80 20 4H '10H s
Tap
80 (2, [2,, [E? (15)
where y, = hp/ais the average reduced distance and hy is

the average distance between the vesicle centers at E = 0,
respectlvely If yp = 10, the error in the use of Eq. (15)
is less than 4.5%. The parameter u (Eq. (A16)) contains
the total conductivity of vesicles A, ¢ and the conductivity
of medium A, (Eq. (A17)). At the vesicle concentration
[Ves] = 7.5 - 102 mL™*, we obtain y, = 10. Substitution of
the time te =55+ 5ms from Fig. 2 and Fig. 6(a) in
Eqg. (15) finally yields u = -0.27 £ 0.03, negative because
Of Ayes < Ay At E= 1MV m2, tz = 55 ms we find with
Eq. (A17) that Ao, = 0.63mSm™ (Fig. 24). Substitution
of thevaluesof Ao and uin Eq. (A17) yieldsthetotal ves-
icle conductivity:

1+200
1_

Equation (16) shows that the total vesicle conductivity is
37% of the A.,. For comparison, the u-parameter for red

Mves = Aex =0.23+0.02mSm™ (16)
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cell ghostsin 20-mM sodium phosphate buffer of conduc-
tivity 260 mS m—tisu = —0.42, which correspondsto ato-
tal conductivity of the cellsof A,y = 29 mS m, that is ap-
proximately 11% of thesurrounding el ectrolyte (Foster and
Sowers 1995).

Since the non-electroporated lipid membrane is practi-
cally an electrical insulator, the total conductivity of the
vesiclesis predominantly due to electropores. If the elec-
tropores are filled with the electrolyte of conductivity A;,
from the vesicle interior, then the total conductivity of the
vesicles A, can be estimated with help of the fraction f,
of the electroporated area by:

)\ves = fp ’ )\in (17)

Substitution of Eq. (17) in Eq. (16) yields for the fraction
of porated membrane area:

f _ e &"‘2[[“

)\in 1-u (18)

Insertion of u=-027, A,=0.63mSm™* and
Nin=0.1Sm™ in Eq. (18) yields f, = (23+0.3) - 10,
which is small but expected for the maintenance of inter-
facial polarization despite a few conductive pores. In the
field direction the total resistance of avesicle (Fig. 1a) is
the sum of the resistances (R,,,) of the two pole cap mem-
branes and the vesicle interior (R;,). Since R,,> R;,,
we obtain Ae = a/ (R, - S). Because the membrane con-
ductivity is Ap=d/(Ry-S), substitution yields:
A=A d/la=23+2puSm

Discussion

Themost interesting exPeri mental finding isthe plateau in
the dependence of AA'(tg)/Ag on the pulse duration tg
(Fig. 24). Inadditionto the el ectrodef ormation of vesicles,
another mechanism underlying the plateau may be consid-
ered. If no vesicle deformation occurs, the intravesicular
electrolyte remains mainly in the vesicle interior for the
short time of the pulse. If there were a significant electro-
diffusion of ionsthrough the pores, there would be no pla-
teauin AN (tg)/Ao. Theplateauinthefirst phase AN (tg) /A
could be due to a step-like increase in the membrane con-
ductivity caused by electropores. The fraction of porated
membrane area could level off because of an increase in
the transmembrane conductivity A,, up to the saturation
value or because of adecrease of the transmembrane volt-
age (Kakorin et al. 1996). However, estimates show that
even an infinite increase in the transmembrane conductiv-
ity A, and thusin thetotal conductivity of vesiclesA, o can
not describe the large amplitude value of A (tg)/Aq. Ac-
tually, the maximum relative increase in the conductivity
of the suspension of perfectly conductive electroporated
vesiclesis given by:

DA/ g = (K —Kpone) /K ere, (19)

where the ratio K 7"° = A/ A of the conductivity A of a
suspension of non-conductive particles to that A of pure
solution (continuous phase) is given by (Meredith and To-
bias 1962):

KDone =g (2—f) - (L= /(4 +f) - (4—F)) 20)

wheref isthe volume fraction of the dispersed phase (par-
ticles). Theanalogousratio K S for the suspension of per-
fectly conductive electroporated vesiclesin water is given
by:

Keond=(1+f)-(2+f)/((1-f)-(2-1)) (21)

If the volume fraction of vesicles in our experiment is
f=2.8 1073 (3%), Eq. (19) yieldsAN /Ay = 0.013, which
isabout four timessmaller than the experimental val ue cor-
responding to the plateau in AA/A,=0.05 at
E =1MV m*(Fig. 2a). Therefore, themembraneel ectro-
poration alone cannot explain the conductivity increase in
thefirst phase. A significant efflux of electrolytefrom ves-
icleinterior dueto deformation isrequired to describe this
large increase in suspension conductivity.

We note that f, = 0.23 + 0.03%, obtained with Eq. (18)
is close to the fraction of porated area (f,, = 0.25 + 0.03%)
estimated with Eq. (8). Thus, the independent determina-
tion of f, from the characteristic vesicle deformation
time T and from the time constant 1., of vesicle approach
in an electric field yields the same value. If vesicle precip-
itation on the electrodes contributed to the kinetics of
AN (te)/ Mo, AN (tg) /Ao and AOD (tg), the pore fraction f,
obtained at tz = 15 and tg = 55 ms should be very differ-
ent. It thus appearsthat the sequence of eventsstarting with
membrane el ectroporation followed by slower vesicle el-
ongation, finally leading to electroaggregation and elec-
trofusion, is an adequate quantitative description of the
conductometric and turbidimetric data.

In the range 0<E/(MVm™) <05 the vaues of
AN(E)/ N\ and AN''(E)/\, are very small and lie within
the margin of error. Therefore, E= 0.5 MVm™ is an ap-
parent threshold for Na* and Cl~ion flow through the mem-
brane pores. Although there is no threshold field strength
associated with the lipid rearrangements of ME, the sec-
ondary processes such asion transport exhibit thresholds.
Here, the maximum value of the threshold transmembrane
potential drop for the vesicle radius a=50nm is
Apy,=-15-a-E=-37.5mV (Neumann 1989). The
valueisabout ten times smaller than that reported for cells
treated with millisecond electric pulses (Weaver 1995).
Surprisingly, the high vesicle curvature H=1/a=
2.0-10" m™ and the hydrostatic pressure in the vesicle
interior p=26 Nm™ induced by an external field
E>05MV m* (pulse duration tz > 10 ms) permit the
electroporation of the lipid membrane and make it perme-
abletoions at the unusually low transmembrane potential
drop of 37 mV. Note that Maxwell’s hydrostatic pressure
alone, without membrane el ectroporation, can not produce
rupture of the membrane. Actually, the 50-nm (radius)
unilamellar DOPG (dioleoyl phosphatidy! glycerol) vesi-
cles do not rupture when they experience an osmotic gra-
dient up to 0.5 osmol kg™, corresponding to the hydro-



static pressure of about 10° N m= (White et al. 1996).
Probably the large electrolyte flow through the membrane
can facilitate the membrane electroporation and bring
about a formation of large crater-like pores (Neumann et
al. 1992). Theradiusof most cellsisusually 100-fold larger
than a= 50 nm. Therefore, the area difference eleasticity
(ADE) energy (Seifert and Lipowsky 1995; Seifert 1996)
of cellsis much smaller than that of small vesicles such
that it can not be converted to pore formation free energy
(Neumann and Kakorin 1996; Tonsing et al. 1997). There-
fore, a cell membrane of low curvature requires a larger
voltage to be electroporated than the highly curved mem-
brane of small vesicles. Thisfinding should open new ho-
rizons in the optimization of electroporation techniques
and its application in the electroporative delivery of
chemotherapeutica to tumor cells.

In conclusion, the conductivity and turbidity data of the
salt filled vesiclesin an electric field can be quantitatively
rationalized as a sequence of rapid membrane electropo-
ration, followed by slower vesicle deformation dueto vol-
ume reduction by efflux, electroaggregation and vesicle
electrofusion. For small vesicles, neither membrane super-
structure nor thermal membrane undulations are required
to describe the kinetics of the field-induced conductivity
and turbidity changes in terms of membrane electropora-
tion and vesicle deformation.
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Appendix
The Hagen-Poisseuille transport relationship

The permeation of water through the lipid bilayer is the
rate limiting factor for the deformation of the vesicle
sphere. The volume flow from the vesicle interior to the
bulk solution through N pores of mean radius r, may be
described by the Hagen-Poisseuille formula:

dav _ Ty ON Dp

dt 8@ (A1)

where Ap = (F4 — F.)/ (41&) is the surplus pressure in the
vesicle interior, d isthe membrane thickness, n isthe vis-
cosity of water in pores (n=10.02-10*kgms? at
293 K). The amplitude of the generalized force F4 of the
Maxwell stress for a DC field and conducting membrane
isgiven by:

Fy = dEq/d = (311/5)gq By

(A2)
fi+al, /(Ao )} (E? @2,

whereg, = 8.85 - 1012 J1C? mtisthevacuum permittiv-

ity, €, the dielectric constant of water (g, = 78 at 293 K),

Am the membrane conductivity, A, the conductivity of the
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external medium and E, the electrical energy of deforma-
tion (Winterhalter and Helfrich 1988).

Theamplitudeof thecurvature-elastic generalizedforce
(Fo), which actsin opposition to Fy, increaseswith the ves-
icle deformation according to:

F.=dE./dZ = (961/5) - Kk - {/&?, (A3)

wherek isthebending rigidity and E. isthe curvature-elas-
tic energy of the ellipsoidal deformation (Winterhalter and
Helfrich 1988). Note that, at stationarity, the two forces Fy
and F. become equal.

Theexplicitanalytical solution of Eg. (A1) canbefound
in terms of the LambertW special function (Kakorin and
Neumann, results not shown). However, if Fy> F. asis
the case in the initial phase of the deformation, Eq. (A1)
simplifies to:

anv _ (F8 - FZ) NIy
dt 3208 0h (Fy @°

(A4)

Equation (A4) can be solved in amore practical form than
the LambertW function. The rate of the volume change
analyzed with Eq. (A4) is about twice as large as the rate
calculated with the exact Eqg. (Al). In the final phase of
vesicle deformation characterized by Fy = F., however, the
difference (F3 — F2) in Eq. (A4) is very close to zero and
Eq. (A4) approachesthe exact Eq. (A1) (Fig. 5). The anal-
ysis of the kinetics of the volume change with Eq. (A4)
leads to a maximum of 19% underestimation of the mean
pore radius ry,.

Substitution of Eq. (A2) and Eq. (A3) inEq. (A4) yields:
AV -y -t tav

dt
where v = (31/160) - &5 - &, - {1+ a- A,/ (A - d)} - E2-
N -r3/(d - n) and " is given by Eq. (9) in the text.

Integration of Eq. (A5) yieldsEq. (8) whereAVy=v - T
isgiven by Eq. (10).

For comparison, at DC fields and assuming a non-con-
ductive unstretchabl e vesicle membrane aswell asan only
small ellipsoidal deformation of the vesicles ({ < a) and
zero spontaneous curvature, the equilibrium value ¢, cor-
responding to the balance of Maxwell stress and curva-
ture-elastic forces is given by (Winterhalter and Helfrich
1988):

(A5)

Lo =(1/32) &g By f1+aly /(A [H)} (E* " /K (AB)

Substitution of Eq. (A6) in Eg. (5) of the text yields the
equilibrium volume reduction as in Eqg. (10).

Fick’s transport relationship

According to Fick’sfirst law, the mole efflow expressed in
the terms of changes in the amount of electrolyte n®" in
the extravesicular medium or that of thevesicleinterior n'"
is proportional to the molar salt concentration gradient in
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thedirection x acrossthe membrane of thicknessd between
x=0and x =d:

OU'[ in out in
Q 6'[ %’ @6'{ é‘ Pdl:sp out Vin@
whereS, =N - Tt r?isthetotal areaof poresin membrane,
Py isthe| pore permesability coefficient, V'" and V°" are the
volume of extra- and intravesicular media, respectively.
Note that the conventional permeability coefficient refer-
ring to the total membrane surface, isP, =f, - P,

Under the experimental conditions n" > n°" and

V"<« VO corresponding to our experimental case, the
concentration gradient is well approximated by:
I,]in

nout_nin _
out \sin - yin

Inthesimplest case, poreresealing ismodeled by one clos-
ing process according to:

S,(t) =S - e¥=? (A9)

where SS isthe maximum total pore surface areaat the end
of the electric pulse and Kk is the rate coefficient of pore
resealing.

Substitution of Eq. (A8) and Eqg. (A9) in Eq. (A7) and
integration yield Eq. (11) of the text.

(A7)

(A8)

Kohlrausch’s first law of the independent migration
of ions

According to the Kohlrausch’s first law for diluted solu-
tionswehave AN (t) = F - (Vg + va) - An*H () / VO = —F

- (Vna t Vo) - AN/ VO where F is the Faraday constant
and vy, V¢ are the mobilities of the Na* and Cl~ ions, re-
spectively. Hence, Eq. (11) of the text can be rewritten as:

A)\;I\Io(t) = N)\\Irl"(fx(l— eXp(—(k? / kR) [1-e*r m))) (A10)

where AN = Apax — AN = F - (Vs + V) - NBYVOU,
Therelativeamplitude(att — o) of thephasell AA''/A,
isgiven by:

A)\” - A)\Irl’nax 0
Y= (1 exp(-kf /kR))
Since the measured values are: AN'' /A < 0.2 (Fig. 3¢) and
AN /Ao < 7.0, under our experimental conditions the
strong nonequality k?/ kg << 1 holds, thusthe exponentsin
Eqg. (A10) and Eq. (A11) can be expanded in a series, re-
spectively, in which the terms of higher order than avalue
proportional to (k%/kg) are negligibly small. Hence:

A)\” (t)

(A11)

)\Irlnax 0 kgt
KO/ kg ) dL- e (A12)
» fikf /&) )
and:
I Il
L}\AO - MArgax fk? / k) (A13)

Rearrangement of Eq. (A13) yieldstheratio:
K9/kg = AN/ AN} o (A14)

Thesubstitution of Eq. (A14) in Eq. (A12) |leadsto theone-
parameter (kg) Eq. (13) for the description of the conduc-
tivity relaxation phase 1.

AtE < 1MV m™, weobtainAN'/A ., < 0.06 (Fig. 3b).
Therefore AN . = Amax and the efflux coefficient can be
expressed asin Eqg. (14).

Approach of two spherical vesiclesin an electric field

At low field intensities, the approach of two equal spheri-
cal vesiclesinan electric field dueto induced el ectrical di-
pole moments is given by (Foster and Sowers 1995):

dy _ 8% [£, [y [E* DA (Y)
dt ny*
wherey = h/a, histhe distance between the centers of two

approaching vesicles. The parameter u for conductive me-
dia (As) and conductive vesicles (A, iS given by:

(A15)

- Aves — Aex

u Mo+ 20, (A16)
Hence,
Aex = Ao + AN (tg), (A17)

where AA' corresponds to the plateau at tz <55+ 5ms
(Fig. 24).

The function AA (y) characterizing the hydrodynamic
interaction of the vesiclesis given by (Batchelor 1976):

1 15

PA(y)=1-3 + L 2o +O(),
V

2y y3 (A18)
Insertion of Eq. (A18) in Eq. (A15) and integration yields
Eq. (15) for the estimate of the time constant Ty, of ap-
proach of vesicles resulting in contact.
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