Chapter 3
The Cell in the Electric Field

Tadej Kotnik, Gorazd Pucihar, and Damijan Miklav¢i¢

Abstract An exposure of a cell to an external electric field results in the induced transmembrane
voltage (AW ) that superimposes to the resting voltage. This can have a range of effects, from modifi-
cation of the activity of voltage-gated channels to membrane electroporation, and accurate knowledge
of spatial distribution and time course of AW is important for the understanding of these effects. In
this chapter, we present the analytical, numerical, and experimental methods of determination of AW ,
and combine them with the monitoring of electroporation-induced transmembrane molecular transport
(TMT) in Chinese Hamster Ovary (CHO) cells. Potentiometric measurements are performed using di-
8-ANEPPS, and TMT is monitored using propidium iodide. In isolated cells, we combine analytical
derivation (for spherical cells) and numerical computation of AW _ (for irregularly shaped cells) with
potentiometric measurements to show that the latter are accurate and reliable. Monitoring of TMT in
these same cells shows that it is confined to the regions with the highest |A‘Pm|. We then review other
parameters influencing electroporation of isolated cells, and proceed, through the intermediate case of
dense suspensions, to cells in direct contact with each other. We use the scrape-loading test to show
that the CHO cells in a monolayer are interconnected, and then study A¥ and TMT in a cluster of
four such cells. With low pulse amplitudes, the cluster behaves as one big cell, with A¥  continuous
along its outer boundary, reflecting the interconnections. With interconnections inhibited, the cells
start to behave as individual entities, with A¥  continuous along the plasma membrane of each cell.
With the cluster exposed to porating (higher amplitude) pulses, TMT occurs in the membrane regions
for which computations predict the highest |A‘Ifm| if the cells are modeled as insulated, suggesting
that the interconnections are blocked by supraphysiological A¥ , either directly by voltage gating or
indirectly through changes in ionic concentrations caused by electroporation.

Keywords Induced transmembrane voltage * Potentiometric dyes ¢ Electroporation ¢ Molecular
transport

Introduction

The spatial distribution of the voltage on the plasma membrane of biological cells has a number of theo-
retical and experimental implications, such as the activation of voltage-gated membrane channels,
cardiac cell stimulation, and plasma membrane electroporation [1-7]. In studies of these phenomena,
cells are usually exposed to an external electric field, which induces a voltage across the cell membrane,
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termed the induced transmembrane voltage and denoted by A¥,[8, 9]. Unlike the resting transmem-
brane voltage, which is always present and constant everywhere on the plasma membrane, A¥_ only
lasts for the duration of the exposure and varies with the position on the membrane. Consequently, it is
often important to accurately determine not only its amplitude, but also its spatial distribution.

Many studies imply that plasma membrane electroporation and the resulting molecular flow across
the membrane occur in the regions of the membrane exposed to a sufficiently high A¥  [10-14].
Although formation and stabilization of each pore in the membrane is a stochastic process, on the scale
of cells and tissues, the effects of membrane electroporation only become detectable at AW exceeding
a certain “critical” value, AW _. (typically several hundred mV), which treats electroporation as a
deterministic process. Thus, for efficient applications of electroporation and understanding of the
phenomenon, accurate determination of the distribution of A¥  on the cell membrane is important.

Isolated Cells

Spherical Cells in a Homogeneous Field

In exposures of cells to a direct current (DC) homogeneous electric field, A¥ | is determined by solv-
ing Laplace’s equation. Although biological cells are not perfect spheres, in theoretical treatments
they are usually considered as such — a spherical interior (the cytoplasm) surrounded by a concentric
spherical shell of uniform thickness (the membrane). For certain types of cells, and particularly for
cells in suspensions, this is a reasonable assumption. In the first approximation, the plasma mem-
brane can also be treated as nonconductive. Under these assumptions, the solution of Laplace’s equa-
tion leads to the formula for AW often referred to as the (steady-state) Schwan’s equation [15],

AY =1.5ERcos0, 3.1)

where E is the electric field in the region where the cell is situated, R is the cell radius, and @is the angle
measured from the center of the cell with respect to the direction of the field. Thus, A'¥_is proportional
to the applied electric field and the cell radius. Furthermore, it has extremal values at the points
where the field is perpendicular to the membrane, that is, at =0° and 0=180° (the “poles” of the cell),
and in between these poles it varies proportionally to the cosine of 6, as shown in Fig. 3.1b.

AY ,as givenby (3.1) is typically established several microseconds after the onset of the electric field.
With exposures to a DC field lasting hundreds of microseconds or more, this formula can safely be
applied to yield the maximal, steady-state value of the induced transmembrane voltage. To describe the
transient behavior during the initial microseconds, one uses the first-order Schwan’s equation [8]:

Ay, =15 ERcosf(1-¢"™), (3.2)

where 7 _is the time constant of the membrane charging and is expressed as:
Re
T = n ) (3.3)

0,0
2d ———+Ro,
o, +20,

with 6, o and o, as the conductivities of the cytoplasm, cell membrane, and extracellular
medium, g the dielectric permittivity of the membrane, d the membrane thickness, and R again
the cell radius.
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Fig. 3.1 AY_ and electroporation of three spherical CHO cells. (a) Changes in fluorescence of di-8-ANEPPS pro-
portional to AW caused by a nonporating, 100 V/cm, 50 ms electric pulse. (b) Spatial distribution of A¥  as mea-
sured on the cell #3 in (a) along the path shown by the arrow (solid), and as predicted by the steady-state Schwan’s
equation (dashed). (c) Electroporation obtained on the same cells with an exposure to a 650-V/cm, 7504750 us
bipolar pulse, as visualized by inflow of propidium iodide through the porated membrane regions 100 ms after the
exposure. The detected areas of poration imply A¥ ~540 mV. The bar in (a) and (¢) corresponds to 10 pm

Equations (3.2) and (3.3) are applicable to exposures to sine (alternating current, AC) electric
fields with frequencies below 1 MHz and to rectangular electric pulses longer than 1 ps. To deter-
mine the time course of AY _induced by even higher field frequencies or even shorter pulses, the
second-order extension of Schwan’s equation must be used, in which dielectric permittivities of the
cytoplasm and the cell exterior also have to be taken into account [16—18].

An alternative to the analytical derivation of AW are the experimental techniques. These include the
measurements of A¥ with microelectrodes and with potentiometric fluorescent dyes. The invasive
nature of microelectrodes, their low spatial resolution and physical presence, which distorts the electric
field, are considerable shortcomings of this approach. In contrast, measurements by means of potentio-
metric dyes are noninvasive, offer higher spatial resolution, and moreover do not distort the field and
thus AW . As a consequence, during the last decade the potentiometric dyes, such as di-8-ANEPPS
[19-22] have become the preferred tool in experimental studies and measurements of A .

In Fig. 3.1, the measurements of AW on spherical CHO cells are compared to the analytical
solution given by (3.1), and a correlation between AW and the location of the electroporated mem-
brane regions through which molecular flow occurs is demonstrated. Figure 3.1a, b shows that the
measured AW correlates well with the theoretical predictions, with the highest values of A¥  found
in the membrane regions facing the electrodes (the “poles”). Figure 3.1c shows that the molecular
flow through the membrane, and thus membrane electroporation, is confined to these same regions,
that is, the areas for which AY >AY .

Nonspherical Geometrically Regular Cells

When suspended, many cells have a shape close to spherical, but for some cell types this is clearly
not the case. Among the few generalizations of the cell shape that still allow for analytical derivation
of A¥_, the most useful are cylinders (e.g., for muscle cells and axons of nerve cells), oblate spher-
oids (e.g., erythrocytes), and prolate spheroids (e.g., bacilli). To obtain the analogs of Schwan’s
equation for such cells, one solves Laplace’s equation in a suitable coordinate system [23-25]. For
a circular cylinder with the axis perpendicular to the field, this yields

AY  =2ERcos6. (3.4)
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For an oblate spheroid with the axis of rotational symmetry aligned with the field, we get

R; - R’ R, cosO

AY, =E « s
sz R 2 -2 > 2 .
(7ﬁ)arcctg (7W)Rl \/R1 sin“ 0+ R, cos” 0
and for a prolate spheroid with the axis of rotational symmetry aligned with the field, we get
R*—R? R 0
AY 1% , COS 6

=FE - X
R - (\/RfiRz )1n(R.+J11:37R§) \/Rf sin’ 0+ R; cos” 0

where R, and R, are the radii of the spheroid in the directions parallel and perpendicular to the field,
respectively.

A description of a cell is geometrically realistic if the thickness of its membrane is uniform.
This is the case if the membrane represents the space between two concentric spheres, but not with
two confocal spheroids or ellipsoids. As a result, the thickness of the membrane modeled in sphe-
roidal or ellipsoidal coordinates is necessarily nonuniform. By solving Laplace’s equation in these
coordinates, we thus obtain the spatial distribution of the electric potential in a nonrealistic setting.
However, under the assumption that the membrane conductivity is zero, the induced transmem-
brane voltage obtained in this manner is still realistic. Namely, the shielding of the cytoplasm is
then complete, and hence the electric potential everywhere inside the cytoplasm is constant.
Therefore, the geometry of the inner surface of the membrane does not affect the potential distribu-
tion outside the cell, which is the same as if the cell were a homogeneous nonconductive body of
the same shape. A more rigorous discussion of the validity of this approach can be found in Kotnik
and Miklav¢ic [24].

For nonspherical cells, it is generally more revealing to express A¥  as a function of the arc
length along the membrane than as a function of the angle 6 (for a sphere, the two quantities are
directly proportional). For uniformity, the normalized version of the arc length is used, increasing
from O to 1 equidistantly along the arc of the membrane.

Irregularly Shaped Cells

Cells in tissues have markedly irregular shapes, deviating considerably from the regular shapes
described above. For many such cases, an analytical solution for A¥_ cannot be derived. In practice,
there are two approaches for obtaining accurate estimates of AW on irregularly shaped cells:
experimental determination and numerical computation. Experimentally, A¥ can be measured by
means of a potentiometric fluorescent dye, as already presented above (see Fig. 3.1). The numerical
approach, on the other hand, requires the construction of a model of the cell and subsequent com-
putation of the electric potential inside and outside the cell.

The simplest approach in numerical modeling of an irregularly shaped cell is to compose it from
several simple geometrical objects, such as hemispheres and cylinders [26-28]. However, this can
only yield a rough approximation of the actual situation, and can thus lead to considerable error.
A more realistic three-dimensional model of an irregularly shaped cell can be constructed from a
sequence of cross sections of the cell under consideration, as shown in Fig. 3.2 and explained in
more detail in Pucihar et al. [29, 30].

In a suitable numerical software package, such as COMSOL Multiphysics, the distribution of the
electric potential ¥ in such a model of the cell and its vicinity is then easily computed and the
induced transmembrane voltage is determined as the difference between electric potentials on both
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Fig. 3.2 Finite-elements model of a CHO cell attached to a cover glass. The interior of the rectangular block represents
the extracellular medium, and the gray-shaded faces are the electrodes generating the electric field

a

Fig. 3.3 AY _ and electroporation of the CHO cell shown in Fig. 3.2. (a) Changes in fluorescence of di-8-ANEPPS
proportional to A¥ caused by a nonporating, 100 V/cm, 50 ms electric pulse. (b) Spatial distribution of A¥  as
measured on a cell in (a) along the path shown by the arrow (solid), and as computed on a model shown in (a)
(dashed). (c) Electroporation obtained on the same cell with an exposure to a 1,000 V/cm, 200 ps unipolar pulse, as
visualized by inflow of propidium iodide through the porated membrane regions 100 ms after the exposure. The
detected areas of poration imply A¥ .~650 mV. The bar in (a) and (¢) corresponds to 10 pm

sides of the membrane. In analogy to Fig. 3.1, Fig. 3.3a, b demonstrate close correlation between the
measured and the numerically computed AW , while Fig. 3.3¢ shows that also in irregular cells elec-
troporation occurs in the membrane regions with the highest absolute value of A¥ . These regions
are generally located in the areas of the membrane closest to (i.e., facing) the electrodes. This is most
obvious in cells with pronounced protrusions, where electroporation occurs at their very tips [31].

The results shown in Figs. 3.1 and 3.3 confirm the finding that electroporation is limited to the
membrane regions in which the absolute value of AW exceeds a certain critical level, AY >AY .
With nonspherical shapes, the maximal A¥_ attained also depends on the orientation of the cell with respect
to the field. Therefore, by exposing the cells to several different orientations of the field, the efficiency
of electroporation can be increased significantly, which is also confirmed by experiments [28].

Parameters Influencing Electroporation of Isolated Cells

Pulse Parameters

Electroporation of isolated cells and dilute suspensions in vitro is influenced by both the parameters
of the electric pulse(s) and the experimental conditions. Investigations of the role of the amplitude,
number, and duration of unipolar rectangular pulses have been the subject of several comprehensive
studies [32-36]. These studies show that electroporation only becomes detectable above a certain
pulse amplitude, A¥ .. With further increases in pulse amplitude, the percentage of porated cells
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increases, while the percentage of cells surviving the treatment decreases. The average amount of
molecules introduced into a cell reaches a peak at some intermediate pulse amplitude. It has also
been shown that both poration and cell survival as functions of pulse amplitude vary significantly
between various types of cells [37]. Some of the observed differences can be attributed to differ-
ences in cell size, but several studies imply that the differences in membrane composition and
structure can also play an important role [38, 39].

Experiments show that increasing the number and/or duration of the pulses yields detectable
electroporation at a lower minimal pulse amplitude, and that the average amount of molecules intro-
duced into a cell generally increases with an increase of the number of pulses applied [32, 34].
Several studies have demonstrated that for macromolecules such as DNA, electrophoresis plays an
important role in the transmembrane transport, and sufficiently long pulse duration is crucial for
adequate uptake [33, 34, 40]. Typically, pulse durations for the uptake of smaller molecules are in
the range of hundreds of microseconds, while for macromolecules, pulses lasting from several mil-
liseconds to several tens of milliseconds are usually required. Combinations of shorter (electropo-
rating) and longer (electrophoretic) pulses have also been shown to improve the efficiency of gene
electrotransfer [41, 42].

At least two studies have focused on a comparison of the efficiency of unipolar and bipolar rect-
angular pulses in vitro, demonstrating that with bipolar pulses, detectable electroporation is obtained
with lower pulse amplitudes, while substantial cell death occurs at similar amplitudes as when uni-
polar pulses of the same duration are applied [43, 44]. Moreover, contamination of the medium
through electrolytical release of metal ions from the electrodes is also lower with bipolar than with
unipolar pulses [45].

Unlike the role of the amplitude, number, duration, and polarity of pulses, a hypothetical role of
pulse dynamics, or the “pulse shape,” has been a subject of relatively few studies. Two reports by
the same authors have claimed an improved efficiency of electroporation and gene electrotransfer
when a sine wave was superimposed to a rectangular pulse [46, 47]. In another study, rectangular,
sine, and triangular waves of the same amplitude were compared, obtaining the most efficient trans-
fection for rectangular, less for sine, and the least for triangular waves [48]. This is in agreement
with a later systematic study showing that among the parameters describing the pulse shape, by far
the most important for the efficiency of electroporation is the time during which the pulse amplitude
exceeds a certain critical value [49]. In another study, it was shown that the efficiency of electropo-
ration is roughly the same for pulse repetition frequencies ranging from 1 Hz (i.e., one pulse per
second) up to several kHz, provided that the same total number of pulses is delivered [50].

Experimental Conditions

Electroporation and cell death caused by exposure to high voltage electric pulses also depend on the
composition of the extracellular medium. Since electroporation results in substantial exchange of
ions between the medium and the cytosol, care must be taken to avoid possible detrimental effects.
In particular, in electroporation media, potassium ions are often used instead of the sodium ions of
the typical culture media [14, 34, 51]. Also, the calcium ions typically present in culture media
should be avoided, as electroporation provides them with a pathway for entering cytosol, leading to
supraphysiological intracellular concentrations of Ca?* that can result in cytotoxic effects [52]
(as described in Chap. 2).

The electrical conductivity of the extracellular medium also plays a role in electroporation. In
media with a conductivity several orders of magnitude below the physiological levels, Schwan’s
equation as given by (3.1) or (3.2) must be modified by lowering the multiplication factor 1.5
accordingly, as explained in detail in Kotnik et al. [9] and confirmed experimentally in Pucihar et al.
[51]. Due to this, in a low-conductivity medium, A¥  induced by a pulse of a given amplitude is
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lower than in a physiological medium, and somewhat higher pulse amplitudes must, in general, be
applied to obtain the same extent of poration. The decrease in medium conductivity also leads to a
lower heating of the cell suspension during the exposure to electroporating pulses [51].

Among the other experimental conditions that influence electroporation are the osmotic pressure
and the temperature of the suspension. It was reported that osmotic pressure is not an important
factor in transmembrane transport of small molecules, but use of a hypoosmolar buffer during pulsa-
tion allows for more efficient uptake of large proteins [53]. With respect to the temperature, post-
porational incubation at 37°C results in a faster membrane recovery and thus in a higher fraction of
cells surviving the treatment. It was also observed that in vitro, the highest uptake of DNA is
obtained by incubating the cells before poration at 4°C and after poration at 37°C [54].

Dense Suspensions and Monolayers

In natural situations the cells are rarely isolated, and when sufficiently close to each other, the
mutual distortion of the field caused by their proximity cannot be overlooked. Often, the cells are
also in direct contact, forming two-dimensional (monolayers attached to the bottom of a dish) or
three-dimensional (tissues) structures, and they can even be interconnected.

In dilute cell suspensions, the distance between the cells is much larger than the cell sizes them-
selves, and the local field outside each cell is practically unaffected by the presence of other cells.
Thus, for cells representing less than 1% of the suspension volume (for a spherical cell with a radius
of 10 pum, this means up to two million cells/mL), the deviation of the induced transmembrane volt-
age, AY , from the prediction given by (3.1) is negligible. However, for larger volume fractions
occupied by the cells, the distortion of the local field around each cell by the adjacent cells becomes
more pronounced. As the volume fraction occupied by the cells increases beyond 10% and
approaches 50%, the spatial distribution of AW starts to deviate significantly from that given by
(3.1), as the factor 1.5 gradually decreases towards 1, and the distribution also starts to diverge from
the ideal cosine shape, as shown in detail in Susil et al. [55], Pavlin et al. [56], and Pucihar et al.
[57]. Due to the lower AY , the efficiency of electroporation with the same pulse parameters is typi-
cally lower in dense suspensions than in dilute ones [57].

For even larger volume fractions, the cells come into direct contact, and the electrical properties
of the suspension start to resemble that of a tissue, but only to a certain extent. Namely, cells can form
specific structures, such as layers, and moreover in tissues they can also be directly electrically
coupled, for example, through gap junctions. The amplitude and the spatial distribution of A¥ on
these cells can differ considerably from AW observed on single isolated cells. This is because dense
cell packing shields the cells electrically to some extent, and intercellular pathways can connect
adjacent cells electrically. Due to the nature of the tissue structure, it is difficult to observe these
effects experimentally in individual tissue cells. As a more feasible alternative, we can study clusters
of cells growing in monolayers, which present a simple model for examining the behavior of cells in
tissues. As in tissues, cells in clusters also have complex geometrical shapes, are densely packed, and
are often connected with intercellular pathways. Thus, the only significant deviation is their two-
dimensional arrangement, as opposed to typically three-dimensional cellular structures of tissues.

Intracellular pathways, also termed gap junctions, are small protein channels that allow for the
exchange of ions between neighboring cells. The opened or closed state of the gap junctions renders
the cells electrically connected or electrically insulated, respectively, and in this manner it can affect
AY and electroporation considerably.

Figure 3.4 shows that CHO cells form gap junctions allowing for exchange of ions and smaller
molecules between the cells, and that these gap junctions are inhibited (blocked) effectively using
oleamide. Figures 3.5 and 3.6 show a numerical model and an experiment performed on a cluster
of four such cells attached to a cover glass.
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a b c d

Fig. 3.4 Scrape loading test with 1 mM Lucifer Yellow performed on CHO cells. (a) Phase contrast image of the
cells scraped with a needle (black vertical in the middle). (b) Fluorescence of the cells 5 min later. The dye entered
the damaged cells and quickly diffused into the neigboring, undamaged cells. (¢) Same as (a), but with the cells
preincubated for 45 min with 200 uM oleamide, a gap junction inhibitor. (d) Fluorescence 5 min later. The dye only
entered the cells directly damaged by scraping
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Fig. 3.5 Finite-elements model of a cluster of CHO cells forming a monolayer cluster attached to a cover glass. By

changing the electrical conductivity of the membrane regions forming contacts between the cells, cells in clusters can
be modeled as either electrically interconnected or electrically insulated
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Fig. 3.6 AY_and electroporation of a cluster of the four attached CHO cells shown in Fig. 3.5. (a) Changes in fluo-
rescence of di-8-ANEPPS proportional to A¥ caused by a nonporating, 75 V/cm, 50 ms electric pulse. (b) Spatial
distribution of A as measured on the cluster in (a) along its outer boundary as shown by the arrow (solid), and
numerically computed A¥  for electrically interconnected (dashed black) and electrically insulated cells (dashed
gray). The arrows show the discontinuities of AW  along the outer cluster boundary with insulated cells. (c)
Electroporation obtained on the same cluster with an exposure to a 1,000 V/cm, 750+ 750 ps bipolar pulse, as visual-
ized by inflow of propidium iodide through the porated membrane regions 500 ms after the exposure. The bar in (a)
and (c) corresponds to 20 pm

With nonelectroporating pulses (lower amplitude, longer duration) and without inhibition of the
gap junctions, A¥ induced on the membranes of the cells was continuous when traced along the
outer boundary of the cluster (Fig. 3.6b, solid curve). This correlates well with the numerically
computed A¥  for the case of electrically interconnected cells (Fig. 3.6b, dashed black). In other
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words, the cluster behaved as if it was one big cell, reflecting the interconnections of the cells by
gap junctions.

Applying the same pulse parameters, but with the gap junctions inhibited, the cells started behaving
as individual entities (i.e., as electrically insulated), so that A¥  was continuous along the plasma
membrane of each individual cell, yet discontinuous when traced along the outer boundary of the
cluster (Fig. 3.6b, dashed gray, with discontinuities marked by arrows).

When the cluster was exposed to electroporating pulses (higher amplitude, shorter duration),
however, the molecular transport occurred in the membrane regions for which numerical computa-
tions predicted the highest AW if the cells were modeled as insulated. The results were unaffected
by the presence or absence of oleamide, suggesting that with A¥'_substantially above the physiological
levels, the gap junctions can also be blocked by another mechanism, perhaps directly by voltage
gating, or indirectly as a consequence of changes in ionic concentrations caused by electroporation.
The ongoing investigations should cast additional light on these observations.

Within clusters of cells, in a similar fashion to isolated nonspherical cells, the efficiency of
electroporation depends on the orientation of the field with respect to the cells. If a single pulse is
used for electroporation, the appropriate field orientation with respect to the cell should be chosen
for optimal effects. For applications in which the aim is to achieve electroporation, but the size of
the porated area is unimportant, it is advisable to orient the field along the larger dimension of
the cell, for example, so that the longest protrusions face the electrodes. For such an orientation,
a moderate external field will induce AW >A'Y . only at the very ends of these protrusions. In
contrast, if the aim is to maximize the size of the porated area, the field should generally be oriented
perpendicularly to the larger dimension of the cell (see e.g., Fig. 3.3). With several pulses applied,
an improved efficiency can be obtained by changing the field orientation between consecutive pulses.
As this approach renders a higher electroporated area of the membranes, it allows the use of a
somewhat lower pulse amplitude, resulting in reduced loss of cell viability [58, 59].

In addition to the variability of cell shapes, a recent study suggests that also A¥ . can vary
considerably even between cells of the same type [60]. As a consequence, numerical modeling can
be useful for analyzing the spatial distribution of A¥ on the membranes of the cells under consid-
eration when planning an efficient electroporation protocol, but the location and size of the porated
membrane regions can only be estimated [30].
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