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Abstract

The paper presents a comparative study of electropermeabilization of cells in suspension by unipolar and symmetrical bipolar
rectangular electric pulses. While the parameters of electropermeabilization by unipolar pulses have been investigated extensively both in
cell suspensions and in tissues, studies using bipolar pulses have been rare, partly due to the lack of commercially available bipolar pulse
generators with pulse parameters suitable for electropermeabilization. We have developed a high-frequency amplifier and coupled it to a
function generator to deliver high-voltage pulses of programmable shapes. With symmetrical bipolar pulses, the pulse amplitude required
for the permeabilization of 50% of the cells was found to be approximately 20% lower than with unipolar pulses, while no statistically
significant difference was detected between the pulse amplitudes causing the death of 50% of the cells. Bipolar pulses also led to more
than 20% increase in the uptake of lucifer yellow. We show that these results have a theoretical background, because bipolar pulses (i)
counterbalance the asymmetry of the permeabilized areas at the poles of the cell which is introduced by the resting transmembrane
voltage, and (ii) increase the odds of permeabilization of cells having a nonspherical shape or a nonhomogeneous membrane. |f similar
results are also obtained in tissues, bipolar pulse generators could in due course gain a wide, or even a predominant use in cell membrane
electropermeabilization. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Electropermeabilization, also referred to as electropora-
tion, is an effective method of internalization of various
molecules into biological cells, with an increasing number
of applications in oncology [1,2], genetics[3], immunology
[4], and cell biology [5,6]. In parallel with the practical use
of the method continues the quest of understanding the
underlying mechanisms of the phenomenon [3,7-12].

The efficiency of electropermeabilization in vitro de-
pends on various physical and chemical parameters, such
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as the molecular composition of the membrane [13,14] and
osmotic pressure [15], but above all, on the parameters of
electric pulses. Several studies have addressed the roles of
the amplitude, number and duration of unipolar rectangular
pulses [16-19]. A systematic comparison of the efficiency
of unipolar and bipolar rectangular pulses in electroperme-
abilization in vitro has been, to date, a subject of a single
study, in which the authors have shown that the efficiency
of DNA transfection in vitro was significantly higher with
a bipolar wave than with a unipolar square wave. In their
study, Tekle et a. [20] applied 60 kHz sguare waves (i.e.
8.33 ws duration of a single polarity) of 400 ws tota
duration. However, electropermeabilization is usualy per-
formed using sequences (trains) of rectangular pulses, with
typical durations from hundreds of microseconds to tens of
milliseconds, and separated by intervals from several mil-
liseconds to several seconds [18,21-24]. Thus, an in-
creased efficiency of separate bipolar rectangular pulses in
comparison to unipolar pulses of same amplitude and
duration remained to be demonstrated.
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The efficiency of separate unipolar and bipolar pulses
has been compared in planar and patch-clamped mem-
branes, where it was found that electropermesbilization
occurs above the same threshold voltage for both types of
pulses [25]. This is an anticipated result, since in these
experiments, the transmembrane voltage is delivered di-
rectly and uniformly to the whole membrane. In contrast in
cells, the induced transmembrane voltage varies with the
position in the membrane with respect to the direction of
the field (see, eg. Ref. [26]). Moreover, because of the
resting transmembrane voltage which is inherently present
in cells, the total transmembrane voltage is asymmetric; for
the usual case of a negative potential of the cell interior
with respect to the cell exterior, the absolute value of the
transmembrane voltage is higher at the pole facing the
positive electrode than at the pole facing the negative
electrode. This implies that the cell membrane e ectroper-
meabilization produced by unipolar pulsesis aso necessar-
ily asymmetrical, which was confirmed by experiments
[27]. This asymmetry can be counterbalanced by applying
a symmetrical bipolar pulse instead of a unipolar one, i.e.
by juxtaposing to the unipolar pulse, another pulse of the
same duration, amplitude, and reversed polarity. While it
would thus be plausible to investigate the efficiency of
symmetrical bipolar pulses in cell electropermeabilization
both in vitro and in vivo, according to the knowledge of
the authors, no systematic investigation on this subject was
reported so far. One of the conceivable reasons for this lies
in the absence of commercially available generators of
short, high-voltage rectangular bipolar pulses. To this date,
the only application of high-voltage aternating (though not
rectangular) pulses is found in external (transthoracic)
cardiac defibrillators, which use a commuted exponential
discharge, consecutive discharges of two oppositely polar-
ized capacitors, or a damped sine wave [28,29]. For al
these approaches, an improved defibrillation was reported
with respect to the effect of customary unipolar wave-
forms.

A possible dternative (though, as we argue in Results
and discussion, not entirely equivalent) to applying bipolar
pulses is to alternate the polarity of consecutive unipolar
pulses [30]. In tissues, another possibility is to reorient the
electrodes between consecutive unipolar pulsesin the train,
which was shown to significantly improve the efficiency
of electropermeabilization with respect to the protocol in
which the electrode orientation was fixed [31].

In this paper, we describe the results of a comparative
evaluation of cell permeabilization, cell death, and uptake
of small exogenous molecules (Iucifer yellow) achieved by
trains of unipolar and bipolar rectangular pulses of the
same amplitude and total duration. For the purpose of this
study, we have developed a high-frequency bipolar ampli-
fier and used it to amplify unipolar and bipolar rectangular
pulses produced by a programmable function generator.
With bipolar pulses, a noteworthy improvement was ob-
served with respect to unipolar pulses. permeabilization

was achieved at lower pulse amplitudes, molecular uptake
was higher, while the pulse amplitude leading to cell death
was practically unaltered. We show that these effects are in
agreement with the established model according to which
electropermeabilization only occurs at the locations with
an above-critical transmembrane voltage. In addition, as
we demonstrate in Part |1 of this study [32], the concentra-
tions of ions released by bipolar pulses are more than an
order of magnitude lower than those released by unipolar
pulses of the same amplitude and duration, and thus,
detrimental effects of electrolytic contamination on cells
can be largely reduced by the use of bipolar instead of
unipolar pulses. The improved efficiency of electroperme-
abilization with bipolar pulses, especially if aso confirmed
in tissues, suggests that the development of bipolar pulse
generators is another step toward the establishment of
electropermeabilization as a standard tool in biology and
medicine.

2. Theory

For a spherical cell of radius R, the transmembrane
voltage induced by the exposure to an electric field E is
given by [10,33]:

U;, = fsERcoso,

where f, is afunction reflecting the electrical and geomet-
rical properties of the cell, and ¢ is the polar angle
measured from the center of the cell with respect to the
direction of the field. Thus, at the pole facing the negative
electrode (at ¢ = 0°), the induced transmembrane voltage
is positive, while at the pole facing the positive electrode
(at @ = 180°), it is negative, with the same absolute value.
The induced component is superimposed to the resting
transmembrane voltage, Uz, which is inherently present
in biological cells, typically between —90 and —40 mV
[34]. Dencting the maximum value of Uy, by Ug, = f ER,
the total transmembrane voltage is:

U= Uy + Urg = UpgC0S@ + Urg,

which shows that the absolute values of the transmem-
brane voltage at the two poles differ by 2Ux.

According to the established theory, electropermeabi-
lization only occurs in those regions of the membrane
where the transmembrane voltage exceeds the critical value
U, for which different authors give values between 150
mV and 1 V [7-9,35,36]. While €electropermeabilization
occurs irrespective of the polarity of U, the lowest voltage
at which it occurs depends on experimental conditions
[15,37], as well as on the specific molecular constitution of
the membrane [13,14]. For the usual case of U;g <0,
electropermeabilization occurs at the pole facing the posi-
tive electrode if (Uyo + Uz = U,, and at the pole facing
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Fig. 1. The electropermeabilized membrane area (in percent of the total
area) as a function of pulse amplitude for symmetrical bipolar (solid) and
unipolar (dashed) pulses, for cells with a radius of 8 pm, resting
transmembrane voltage of U;g = —60 mV, and electropermeabilization
occurring a transmembrane voltages |U| > 500 mV.
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the negative electrode if (Upo —IUgD > U,; for the less
common case of Uz > 0, the situation is reversed. The
fraction of the membrane area that is electropermeabilized
can be written as (see Appendix A for derivation):

0 U+ Urrl < U,
Upo — Ul = U,
—————  Uq g+ IUrl= U, > Ug g — IURl
5,/S= 20, mo T 1Yrrl 2 Ue > Urio =Yg
Uro—Ue
U U —IUrrl 2 U,
TI0

If, however, a symmetrical bipolar rectangular pulse is
delivered instead of the unipolar one, the asymmetry of
electropermeabilization described above is compensated
for, and the permeabilized area’ of the membrane is de-
scribed by:

0 Upo+ |UTR| <Ug
Ugo + ‘UTRl -u
Uqpg

S,/S =

c

UTIO+ ‘UTRl 2 UC

Fig. 1 shows an example of the described differences
between the permeabilized areas obtained by a unipolar

! Throughout the paper, the term “permeabilized area” refers to the
area of the membrane where transmembrane voltage exceeds the critical
voltage for electropermeabilization and thus, transmembrane transport
can occur, though it does not necessarily proceed in this entire region.
For example, if one assumes that electropermeabilization is caused by
formation of agueous pores (electroporation), then these pores represent
only a small fraction of the whole area where the transmembrane voltage
is above the critical value—in other words, the “porated area” is much
smaller than what we term “permeabilized area”. This does not, however,
impair the validity of the presented arguments, since for the net uptake of
exogenous molecules per cell, it is irrelevant whether this uptake is
concentrated in very small pores having a very high permeability, or
proceeds through the whole “permesbilized area” having an average
permeability of the pores and the intact membrane between them.

(dashed) and a bipolar pulse (solid), for U,=500 mV,
U;r = —60 mV, and cell radius of 8 pum.

3. Materials and methods
3.1. Cdls

DC3F cdlls, a line of spontaneoudly transformed Chi-
nese hamster fibroblasts [38], were grown in monolayers at
37 °C and 5% CO, (Universal Water Jacketed Incubator,
Forma Scientific, Marietta, OH, USA). 150-cm® flasks
were used for general cultivation, while 60-mm petri
dishes were used for determination of cloning efficiency
(both from TPP, Trasadingen, Switzerland). The culture
medium consisted of Eagle minimum essential medium
EMEM 41090 supplemented with 10% fetal bovine se-
rum (both from Life Technologies, Rockville, MD, USA),
100 units/ml of penicillin and 125 pg/ml of strepto-
mycin (both from Sarbach /Solvay Pharma, Brussels, Bel-
gium).

3.2. Exposure to electric pulses

After trypsination with trypsin-EDTA (Life Technolo-
gies), cells were centrifuged for 5 min at 1000 rpm in a
C312 centrifuge (Jouan, St. Herblain, France) and resus-
pended at 2 x 107 cells/ml in Spinner minimum essential
medium SMEM 21385 (Life Technologies), which is a
calcium-depleted modification of EMEM. Electric pulses
were generated by an AFG 310 programmable function
generator (Tektronix, Wilsonville, OR, USA) and ampli-
fied to the required voltages in the range from 0 to 280 V
with a bipolar amplifier built in the Laboratory of Biocy-
bernetics at the Faculty of Electrical Engineering of the
University of Ljubljana. The time needed for complete
inversion of the pulse (i.e. from the peak value in one
polarity to the peak value in the opposite polarity) was
below 1.8 ps for al the pulse amplitudes used. In the
frequency range from 500 Hz to 35 kHz, the total shape
distortion of the signa introduced by the amplifier was
below 5%, and up to 55 kHz, it was below 15%. The
pulses were delivered to a pair of flat stainless steel
electrodes 2 mm apart, between which a 50-p.| droplet of
the cell suspension was placed.

3.3. Determination of cell survival

The percentage of surviving cells was determined by
their cloning efficiency after pulsation in SMEM. Subse-
quent to pulsation, the cells were incubated for 10 min at
room temperature and then diluted by the addition of 950
wl of SMEM to prevent drying. After additional 30 min,
cells were diluted in the culture medium to 100 cells/ml,
and 4 ml of suspension was transferred into each 60-mm
petri dish where the cells were grown for 5 days. Cells
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were then fixed by a 15-min exposure to 100% ethanol
(Carlo Erba Reagenti, Milan, Italy) and stained for 15 min
with 1% crystal violet (Sigma, St. Louis, MO, USA).
Clone colonies were counted under a light microscope
(Leica, Wetzlar, Germany) and normalized to the control
(cells not exposed to electric pulses) to obtain the percent-
age of surviving cells.

3.4. Determination of cell electropermeabilization

The percentage of electropermeabilized cells was deter-
mined by their cloning efficiency after pulsation in SMEM
containing 5 nM bleomycin (Laboratoires Roger Bellon,
Neuilly-Sur-Seine, France). An intact membrane is imper-
meable to bleomycin, and while at 5-nM external concen-
tration, bleomycin has no effect on nonpermeabilized cells,
it causes the death of electropermeabilized cells [39]. This
method is highly selective and accurate, as well as afford-
able.

Subsequent to pulsation, the cells were incubated for 10
min at room temperature and then diluted by the addition
of 950 pl of SMEM. After additional 30 min, cells were
diluted in the culture medium, grown for 5 days and then
fixed and stained as described above. Clone colonies were
counted and normalized to the control (unpulsed cells, 5
nM bleomycin) to obtain the percentage of cells surviving
the exposure to electric pulses in suspension with 5 nM
bleomycin. By subtracting this percentage from 100%, the
percentage of permeabilized cells was obtained.

3.5. Determination of uptake of exogenous molecules

Uptake of exogenous molecules was determined by the
cell fluorescence after pulsation in SMEM containing 1
mM lucifer yellow (Sigma), a nonpermeant fluorescent
dye. Subsequent to pulsation, cells were incubated for 10
min at room temperature and then diluted by the addition
of 950 pl of SMEM. After additional 30 min, cells were
diluted in 5 ml of phosphate buffer saline (Life Technolo-
gies), and extracellular lucifer yellow was washed by two
consecutive centrifugations and resuspensions in phosphate
buffer saline. Cells were then broken down by ultrasonica-
tion (Sonifier 250, Branson Ultrasonics, Danbury, CT,
USA) and fluorescence was measured on a spectro-fluo-
rometer (SFM 25, BioTek, Winooski, VT, USA). Excita
tion was set a 418-nm wavelength and emission was
detected at 525 nm. The background fluorescence was
subtracted, and the fluorescence was converted into and
the molarity of LY in the solution through a calibration
using 10 nM, 100 nM and 1 wM lucifer yellow solutions.

3.6. Treatment of experimental data
All experiments were repeated three times at intervals

of several days or more. For each experimental point,
mean and standard deviation were determined. Voltage-

to-distance ratio was used as an estimate of electric field
strength of the pulses. The percentages of surviving and
electropermeabilized cells as functions of the applied volt-
age-to-distance ratio were each fitted to a two-parameter
sigmoidal curve,

3 100%
1+ exp[(x.—x)/b]’

y(Xx)

where x is the pulse amplitude, y is the percentage of
cells, x, isthe x value corresponding to y = 50%, and b
determines the slope of the sigmoid curve. The pulse
amplitude leading to the permeabilization of 50% cells was
denoted as Pgy,,, and the amplitude causing the death of
50% cells was denoted by Dy

For the uptake of lucifer yellow, the intracellular con-
centration of LY was estimated by multiplying the mea-
sured molarity in the solution by 465—the ratio of the
total volume of solution (1 ml) and the approximate vol-
ume of the cells in the sample (2.15 wl, for 10° spherical
cells with aradius of 8 wm). These data were then fitted to
a three-parameter Gaussian peak,

Y(X) = Ve P — (X, —X)°/2b%),

where x is again the pulse amplitude, v, is the maxi-
mum intracellular concentration of lucifer yellow in a
given experiment, X, is the x value corresponding to
Y= Ymax, and b determines the width of the pesk. The
maximum intracellular concentration of LY was denoted
aS LY -

All fits were obtained by |east-squares nonlinear regres-
sion using Sigma Plot 5.05 (SPSS, Richmond, CA, USA).

4, Results and discussion

In our study, we compared the efficiency of three trains
of rectangular pulses, sketched in Fig. 2: (i) atrain of eight
1-ms unipolar rectangular pulses delivered in intervals of 1
s, (i) atrain of eight 1-ms symmetrical bipolar rectangular
pulses delivered in intervals of 1 s, and (iii) a train of four
2-ms symmetrical bipolar rectangular pulses delivered in
intervals of 1 s. The parameters of the unipolar train (i)
were chosen after an optimization of the number and
duration of unipolar rectangular pulses (data not shown),
and the parameters of the two bipolar trains, (i) and (iii),
were then set to give these trains the same total duration of
all the pulses as for the train (i). The train (ii) delivered the
same number of pulses as the train (i), while in the train
(iii) the duration of a single polarity was the same asin the
train ().

Fig. 3 shows the percentage of electropermeabilized
cells (panel A), percentage of surviving cells (panel B),
and the internalized lucifer yellow (panel C) as functions
of pulse amplitude, obtained with these pulse trains.
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Fig. 2. The three trains of rectangular pulses compared in the experi-
ments: (i) a train of eight 1-ms unipolar rectangular pulses delivered in
intervals of 1 s, (ii) atrain of eight 1-ms symmetrical bipolar rectangular
pulses delivered in intervals of 1 s, and (iii) a train of four 2-ms
symmetrical bipolar rectangular pulses delivered in intervals of 1 s.

As Fig. 3 demonstrates, with bipolar pulses, the pulse
amplitude required for the permeabilization of 50% of the
cells was approximately 20% lower than with unipolar
pulses, while no datistically significant difference was
detected between the pulse amplitudes causing the death of
50% of the cells. Bipolar pulses also led to more than 20%
increase in the uptake of lucifer yellow. Because the rate
of diffusion, which is the predominant mechanism of
transport for small molecules [18], intensifies with the
increase of the permeabilized area of the membrane, the
increased uptake obtained by bipolar pulses is in a good
agreement with the theoretical arguments presented in the
previous section (see Fig. 1). These arguments can aso
explain the similarity of the results of cell survival, be-
cause the difference between the permeabilized areas cre-
ated by unipolar and bipolar pulses decreases with the
increase of pulse amplitude, and cell death occurs at higher
pulse amplitudes than permeabilization.

On the other hand, the difference between the permeabi-
lized areas alone cannot account for the increased cell
permeabilization obtained with bipolar pulses. Namely, as
Fig. 1 shows, the theoretically predicted threshold of per-
meabilization is the same for al pulse shapes. Due to the
high sensitivity of the bleomycin method we have used,
cell permeabilization was detected very close to the thresh-
old amplitude, yet we have observed different thresholds

for bipolar pulses with respect to unipolar ones (Fig. 3,
panel A). A plausible argument for the observed difference
is provided by the fact that at least some of the cells in
suspension are neither entirely spherical, nor are their
membranes entirely homogeneous. Thus, cell permeabi-
lization is not only dependent on the amplitude of the
pulses, but also on the orientation of the pulses with
respect to the cell, i.e. on the site within the cell membrane
where the largest hyperpolarization is induced by the
pulses. We sketch this concept in Fig. 4: for nonspherical
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Fig. 3. Experimental results. (A) The percentage of electropermeabilized
cells, (B) the percentage of surviving cells, and (C) the average intra-
cellular concentration of lucifer yellow, al plotted as functions of the
pulse amplitude, which is given by the ratio between the voltage applied
to the electrodes (U) and the distance between them (d).
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Fig. 4. Exposure of nonspherical cells and cells with a nonhomogeneous
membrane to a unipolar and a bipolar pulse. For nonspherical cells, with
a given pulse amplitude, the induced transmembrane voltage is higher on
the sharper-pointed pole than on the flatter one, and at sufficiently low
pulse amplitudes, electropermeabilization occurs only if the sharper-
pointed pole is hyperpolarized. For cells with a nonhomogeneous mem-
brane, the critical transmembrane voltage is different for each of the two
regions (e.g. two domains with different lipid composition), and at
sufficiently low pulse amplitudes, electropermeabilization occurs only if
the region with the lower critical voltage (schematically shown as the
thinner region) is hyperpolarized. The triangles indicate the occurrence of
€l ectropermeabilization.

cells, electropermeabilization occurs at lower voltages if
the sharper-pointed regions or processes of the cell are
subject to hyperpolarization [40], while with a nonhomoge-
neous membrane, the critical voltage differs between vari-
ous regions of the membrane.

There is an additional, electrochemical argument for
increased efficiency of bipolar pulses with respect to
unipolar ones. In Part 1l of this study [32], we show that
electrolytic contamination of the cell suspension by metal
ions released from the electrodes is more than an order of
magnitude lower with bipolar pulses than with unipolar
pulses of the same amplitude and duration. This is the case
for both aluminum electroporation cuvettes (released AlI**)
and for stainless steel electrodes (released Fe?* /Fedt),
and could explain why, despite the larger permeabilized
area, no decrease in cell survival was observed when
bipolar pulses were applied. Importantly, if unipolar pulses
with alternating polarity were used instead of bipolar
pulses, delivered again in intervals of 1 s, electrolytic
contamination was not reduced at all; the concentration of
released metal ions was even dightly higher than with an
analogous train of unipolar pulses with constant polarity.
This shows that applying unipolar pulses with alternating
polarity is not entirely equivalent to applying bipolar pul ses.

5. Conclusions

The aim of our study was to verify the theoretical
prediction of an increased efficiency of symmetrical bipo-
lar pulses in achievement of cell membrane electroperme-
abilization with respect to unipolar pulses of the same
duration and amplitude. As we show, there are at least
three theoretical arguments that support these results. Due
to the resting transmembrane voltage, the areas of the two
poles of the cell permeabilized by unipolar pulses are
different, while bipolar pulses, yielding a larger total per-
meabilized area for the latter case, compensate for this
asymmetry. It is also plausible to expect that the bipolar
pulses increase the odds of permeabilization of cells hav-
ing a nonspherical shape or a nonhomogeneous membrane.
In addition, bipolar pulses decrease the electrolytic con-
tamination of the suspension by metal ions released from
the electrodes [32].

Since bipolar pulses decrease the minimum pulse ampli-
tude leading to electropermeabilization and increase the
uptake obtained with the same pulse amplitude, while the
cell survival remains practically identical to that obtained
with unipolar pulses of the same amplitude and duration,
the importance and potentia applicability of these findings
exceed the academical interest. Besides its numerous appli-
cations in biomedical and pharmaceutical research, elec-
tropermeabilization today is aso gaining an increasing
importance in clinical applications, such as electrochemo-
therapy and electrogenetherapy [1,41-43]. In practi-
caly all of these applications, a high percentage of perme-
abilized cells and a sufficient uptake per cell are of utmost
importance for a successful treatment. Thus, the next
logical step is the comparison between the efficiency of
unipolar and bipolar rectangular pulses in tissues and
organs. Recently, bipolar pulses have been used for elec-
trochemotherapy [44], as well as for DNA transfection in
vivo in mice [45,46]. These studies demonstrate that also
in tissues, electropermeabilization with bipolar pulses can
be efficient, but a systematic comparison of the efficiency
of unipolar and bipolar pulses in tissues and organs has not
yet been published. If an improved efficiency is aso
consistently obtained in these environments, this will offer
a strong motivation for development of bipolar pulse gen-
erators, which could in due course gain a wide, or even a
predominant use in electropermesbilization.
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Appendix A. Membrane area permeabilized by unipo-
lar and bipolar pulses

The area of a spherical cap is given by:
Sp = 2mR2(1 — COS@y), (A1)

where R denotes the radius of the sphere, and ¢, is the
angle formed by the axis of rotational symmetry of the cap
and the radius vector from the center of the sphere to the
edge of the cap.

The transmembrane voltage on a spherical cell has the
form:

Ur = Urg + Ugy = Ugg + UppCoSe,

with U;g denoting the resting transmembrane voltage, U,
the induced transmembrane voltage, and U, the maxi-
mum value of the latter (i.e. the value of Uy, at ¢ = 0).

Because of the resting transmembrane voltage, the total
transmembrane voltage is higher at one pole of the cell
than on the other, and an above-critical transmembrane
voltage, |U;| > U, would occur at:

lcosel| > cose, = (U, = [Urgl) /Urio.
for Uq o + lUrrl > U,

at the hyperpolarized pole, and at:
lcosel| > cose, = (U, + [Urgl) /Urio.
forUgo — lUrrl > U,

at the depolarized pole.
Applying Eq. (A1), the total electropermeabilized area
of the membrane, S,, is then given by:

S, =0, forUpg+ Ul <y,
Sp = 27TR2(1 - (Uc + |UTR|)/UTI0)
= 27TR2(U-|—|0 —|Usrl = U,) /Uqyq,
for Uy o + lUrgl = U, > U g — lUrgl, and
S= 27TR2(1 - (Uc - |UTR|)/UTI0)
+27R* (1 — (U, + Urgl) /Uqgyo)
= 47R*(Ugyo— U;) /Unyq,
forUq o — lUrrl = U,.

If within the duration of the electric pulse, its polarity is
reversed, the same maximum transmembrane voltage is

reached at both poles of the cell, and this leads to a simpler
situation,

$ =0, forUso+ Ukl <U,

S, =47R*(1— (U, — Urgl) /Uqy)
= 47TR2(U-|—|0 + Url = U ) /Uqyo,
for Uy o + Ul > U,.

Dividing these expressions by the total membrane area,
S=47R?, we obtain the electropermeabilized fraction of
the membrane area, S,/S

References

[1] L.M. Mir, L.F. Glass, G. SerSa, J. Teissie, C. Domenge, D.
Miklav€i€, M.J. Jaroszeski, S. Orlowski, D.S. Reintgen, Z. Rudolf,
M. Belehradek, R. Gilbert, M.P. Rols, J. Belehradek J., JM.
Bachaud, R. DeConti, B. Stabuc, M. Cemazar, P. Coninx, R. Heller,
Effective treatment of cutaneous and subcutaneous malignant tumors
by electrochemotherapy, Br. J. Cancer 77 (1998) 2336—2342.

[2] G. Ser&a, S. Kranjc, M. CemaZar, Improvement of combined modal-
ity therapy with cisplatin and radiation using electroporation of
tumors, Int. J. Radiat. Oncol. 46 (2000) 1037—-1041.

[3] E. Neumann, S. Kakorin, K. Toensing, Fundamentals of electropora-
tive delivery of drugs and genes, Bioelectrochem. Bioenerg. 48
(1999) 3-16.

[4] J. Lukas, J. Bartek, M. Strauss, Efficient transfer of antibodies into
mammalian cells by electroporation, J. Immunol. Methods 170
(1994) 255-259.

[5] Y. Bobinnec, A. Khodyakov, L.M. Mir, C.L. Rieder, B. Edde, M.
Bornens, Centriole disassembly in vivo and its effects on chromo-
some structure and function in vertebrate cells, J. Cell Biol. 143
(1998) 1575-1589.

[6] F. Bobanovi¢, M.D. Bootman, M.J. Berridge, N.A. Parkinson, P.
Lipp, Elementary [Ca2" ]i signals generated by electroporation func-
tionally mimic those evoked by hormonal stimulation, FASEB J. 13
(1999) 365-376.

[7] T.Y. Tsong, Electroporation of cell membranes, Biophys. J. 60
(1991) 297-306.

[8] M. Hibino, H. Itoh, K. Kinosita Jr., Time courses of cell electropora-
tion as reveded by submicrosecond imaging of transmembrane
potential, Biophys. J. 64 (1993) 1789—1800.

[9] J.C. Weaver, Y.A. Chizmadzhev, Theory of electroporation: a re-
view, Bioelectrochem. Bioenerg. 41 (1996) 135-160.

[10] T. Kotnik, F. Bobanovi¢, D. Miklav€i¢, Sensitivity of transmem-
brane voltage induced by applied electric fields—a theoretical anal-
ysis, Bioelectrochem. Bioenerg. 43 (1997) 285—291.

[11] E. Neumann, S. Kakorin, Electrooptics of membrane €lectroporation
and vesicle shape deformation, Curr. Opin. Colloid Interface Sci. 1
(1996) 790—-799.

[12] B. Gabriel, J. Teissig, Time courses of mammalian cell electroper-
mesabilization observed by millisecond imaging of membrane prop-
erty changes during the pulse, Biophys. J. 76 (1999) 2158—-2165.

[13] S. Raffy, J. Teissig, Control of lipid membrane stability by choles-
terol content, Biophys. J. 76 (1999) 2072—-2080.

[14] L. Tung, G.C. Troiano, V. Sharma, R.M. Raphagl, K.J. Stebe,
Changes in electroporation thresholds of lipid membranes by surfac-
tants and peptides, Ann. N. Y. Acad. Sci. 888 (1999) 249-265.

[15] M. Golzio, M.P. Mora, C. Raynaud, C. Delteil, J. Teissie, M.P.
Roals, Control by osmotic pressure of voltage-induced permeabiliza-



90 T. Kotnik et al. / Bioelectrochemistry 54 (2001) 83-90

tion and gene transfer in mammalian cells, Biophys. J. 74 (1998)
3015-3022.

[16] M.P. Rols, J. Teissié, Electropermeabilization of mammalian cells.
Quantitative analysis of the phenomenon, Biophys. J. 58 (1990)
1089-1098.

[17] H. Wolf, M.P. Rals, E. Boldt, E. Neumann, J. Teissie, Control by
pulse duration of electric-field mediated gene transfer in mammalian
cells, Biophys. J. 66 (1994) 524-531.

[18] M.P. Rols, J. Teissié, Electropermeabilization of mammalian cells to
macromolecules: control by pulse duration, Biophys. J. 75 (1998)
1415-1423.

[19] A. Macek-Lebar, N.A. Kopitar, A. lhan, G. SerS, D. Miklavdic,
Significance of treatment energy in cell electropermeabilization,
Electro-Magnetobiology 17 (1998) 253—-260.

[20] E. Tekle, R.D. Astumian, P.B. Chock, Electroporation by using
bipolar oscillating electric field: an improved method for DNA
transfection of NIH 3T3 cells, Proc. Natl. Acad. Sci. U. S. A. 88
(1991) 4230-4234.

[21] S.. Sukharev, V.A. Klenchin, SM. Serov, L.V. Chernomordik,
Y.A. Chizmadzhev, Electroporation and electrophoretic DNA trans-
fer into cells, Biophys. J. 63 (1992) 1320-1327.

[22] R. Heller, R. Gilbert, M.J. Jaroszeski, Electrochemotherapy: an
emerging drug delivery method for the treatment of cancer, Adv.
Drug Delivery Rev. 26 (1997) 185-197.

[23] L.M. Mir, M.F. Bureau, J. Gehl, R. Rangara, D. Rouy, JM.
Caillaud, P. Delaere, D. Branellec, B. Schwartz, D. Scherman,
High-efficiency gene transfer into skeletal muscle mediated by
electric pulses, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 4262—4267.

[24] S. Kuriyama, A. Mitoro, H. Tsujinoue, Y. Toyokawa, T. Nakatani,
H. Yoshiji, T. Tsujimoto, H. Okuda, S. Nageao, H. Fukui, Elec-
trochemotherapy can eradicate established colorectal carcinoma and
leaves a systemic protective memory in mice, Int. J. Oncol. 16
(2000) 979-985.

[25] O. Tovar, L. Tung, Electroporation of cardiac cell membranes with
unipolar and bipolar rectangular pulses, Pacing Clin. Electrophysiol.
14 (1991) 1887-1892.

[26] T. Kotnik, D. Miklavcic, Analytical description of transmembrane
voltage induced by electric fields on spheroidal cells, Biophys. J. 79
(2000) 670-679.

[27] M. Hibino, H. Itoh, K. Kinosita Jr., Time courses of cell electropora
tion as reveaed by submicrosecond imaging of transmembrane
potential, Biophys. J. 64 (1993) 1789—1800.

[28] G.H. Bardy, F.E. Marchlinski, A.D. Sharma, S.J. Worley, R.M.
Luceri, R. Yee, B.D. Halperin, C.L. Fellows, T.S. Ahern, D.A.
Chilson, D.L. Packer, D.J. Wilber, T.A. Mattioni, R. Reddy, R.A.
Kronmal, R. Lazzara, Multicenter comparison of truncated bipolar
shocks and standard damped sine wave unipolar shocks for transtho-
racic ventricular defibrillation, Circulation 94 (1996) 2507—2514.

[29] Y. Yamanouchi, JE. Brewer, K.F. Olson, K.A. Mowrey, T.N.
Mazgalev, B.L. Wilkoff, P.J. Tchou, Fully discharging phases: a
new approach to bipolar waveforms for external defibrillation, Cir-
culation 100 (1999) 826-831.

[30] M.C. Vernhes, P.A. Cabanes, J. Teissig, Chinese hamster ovary cells

sensitivity to localized electrical stresses, Bioelectrochem. Bioenerg.
48 (1999) 17-25.

[31] G. Serga, M. CemaZar, D. Semrov, D. Miklav&it, Changing elec-
trode orientation improves the efficacy of electrochemotherapy of
solid tumors in mice, Bioelectrochem. Bioenerg. 39 (1996) 61-66.

[32] T. Kotnik, D. Miklav€i€, L.M. Mir, Cell membrane €l ectropermeabi-
lization by symmetrical bipolar rectangular pulses: Part I1. Reduced
electrolytic contamination, Bioelectrochemistry 54 (2001) 91-95.

[33] C. Grosse, H.P. Schwan, Cellular membrane potentials induced by
alternating fields, Biophys. J. 63 (1992) 1632-1642.

[34] K.S. Cole, Membranes, lons, and Impulses, University of California
Press, Berkeley, USA, 1972.

[35] J. Teissie, M.P. Rols, An experimental evaluation of the critical
potential difference inducing cell membrane electropermeabilization,
Biophys. J. 65 (1993) 409-413.

[36] D. Miklav&ig, D. Semrov, H. Mekid, L.M. Mir, A validated model
of in vivo electric field distribution in tissues for electrochemother-
apy and for DNA electrotransfer for gene therapy, Biochim. Bio-
phys. Acta 1519 (2000) 73-83.

[37] M.P. Rols, C. Delteil, G. Serin, J. Teissie, Temperature effects on
electrotransfection of mammalian cells, Nucleic Acids Res. 22 (1994)
540.

[38] JL. Biedler, H. Riehm, Cellular resistance to actinomycin D in
Chinese hamster cells in vitro, Cancer Res. 30 (1970) 1174-1184.

[39] T. Kotnik, A. Magek-Lebar, D. Miklav€i€, L.M. Mir, Evaluation of
cell membrane electropermeabilization by means of a nonpermeant
cytotoxic agent, BioTechniques 28 (2000) 921-926.

[40] M.N. Teruel, T. Meyer, Electroporation-induced formation of indi-
vidual calcium entry sites in the cell body and processes of adherent
cells, Biophys. J. 73 (1997) 1785-1796.

[41] M.J. Jaroszeski, R. Heller, R. Gilbert, Electrochemotherapy, Electro-
genetherapy, and Transderma Drug Delivery, Humana Press, To-
towa, USA, 2000. .

[42] G. Ser$a, B. Stabuc, M. Cemazar, D. MiklavGi¢, Z. Rudolf, Elec-
trochemotherapy with cisplatin: the systemic antitumor effectiveness
of cisplatin can be potentiated locally by the application of electric
pulses in the treatment of malignant melanoma skin metastases,
Melanoma Res. 10 (2000) 381-385.

[43] S. Somiari, J. Glasspool-Malone, JJ. Drabick, R.A. Gilbert, R.

Heller, M.J. Jaroszeski, R.W. Malone, Theory and in vivo applica-

tion of electroporative gene delivery, Mol. Ther. 2 (2000) 178-187.

|. Daskalov, N. Mudrov, E. Peycheva, Exploring new instrumenta-

tion parameters for electrochemotherapy, Attacking tumors with
bursts of biphasic pulses instead of single pulses, IEEE Eng. Med.

Biol. Mag. 18 (1999) 62—66.

[45] 1. Mathiesen, Electropermeabilization of skeletal muscle enhances
gene transfer in vivo, Gene Ther. 6 (1999) 508-514.

[46] G. Rizzuto, M. Cappelletti, D. Maione, R. Savino, D. Lazzaro, P.
Costa, |. Mathiesen, R. Cortese, G. Ciliberto, R. Laufer, N. La
Monica, E. Fattori, Efficient and regulated erythropoietin production
by naked DNA injection and muscle electroporation, Proc. Natl.
Acad. Sci. U. S. A. 96 (1999) 6417—6422.

[44

=



