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The electroporation threshold was compared at various electric pulse durations for three cell lines: two
non-tumor cell lines (human erythrocytes and Chinese hamster ovary cells) and one tumor cell line (rat glioma
C6 cells). First, the dependences of the fraction of electroporated cells on the pulse intensity were obtained for
the cells exposed to single square-wave electric pulses with the durations of 0.02-2 ms. Then, the average cell
radii were measured for each cell line and the transmembrane potential induced by the external electric field
was calculated. The obtained values of the transmembrane potential were in the range of 480-930 mV and
decreased with increasing pulse duration. The obtained dependences of the transmembrane potential required to
electroporate 50% of cells on the pulse duration were close to each other for all cell lines studied.

PACS numbers: 87.50.cj, 87.80.Fe, 87.50.cf

1. Introduction

The permeability of the cell membrane can be modi-
fied by exposure of cells to high-voltage electric pulses,
which leads to the creation of pores in the cell membrane
(electroporation) [1]. When using cell electroporation in
clinics, e.g., for tumor and gene therapy, it is important
to know in advance whether and how many of cells will
become electroporated as a result of a particular electric
treatment. This could be achieved by using theoretical
models of electroporation [2], optimized by using real ex-
perimental data on cell electroporation [3, 4].

There are theoretical models allowing to obtain theo-
retical relationships between the parameters of the elec-
tric treatment resulting in cell electroporation for any
type of an electric treatment [4, 5]. However it is diffi-
cult to predict individual responses of different cells to
electric treatment [6, 7], because there are no studies in
which the electroporation threshold would be compared
for different cell lines. Either the electric field parameters
needed for the increase of the cell membrane permeabil-
ity to a particular substance (electropermeabilization) [6]
or cell viability [7] have been determined for several cell
lines. As a result, the fraction of electroporated cells still
needs to be determined empirically for each cell line [7].

The aim of this study was to compare the electropo-
ration threshold for three different cell lines at various
electric pulse durations (20 us—2 ms) in vitro. Experi-
ments were performed with one tumor (rat glioma C6
cells) and two non-tumor (human erythrocytes and Chi-
nese hamster ovary cells) cell lines.
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2. Materials and methods

Experiments were performed with red blood cells, Chi-
nese hamster ovary (CHO), and rat glioma C6 cells.
Blood was collected on sodium citrate and the ery-
throcytes were isolated by centrifugation. The erythro-
cytes were then washed three times with isotonic sodium
chloride solution and suspended in the electroporation
medium at a volume concentration of 2-2.5% [8]. CHO
and rat glioma C6 cells were grown in monolayer cultures
in 75 cm? (200 ml) flasks at 37°C and 5% COs in water-
-jacketed incubator IR AutoFlow NU-2500E (NuAire,
Plymouth, MN, USA). When cells reached confluence
they were trypsinazed for 2 to 10 min with 2 ml of 0.25%
trypsin-0.02% ethylenediaminetetraacetic acid (EDTA)
solution (cat. no. T4049, Sigma-Aldrich Chemie). When
cells detached from the flask bottom, cell suspension was
supplemented with 2 ml culture medium. After centrifu-
gation of the suspension for 5 min at 1000 rpm, cells were
resuspended in the culture medium at approximately
2-5 x 107 cells/ml and kept for 60-70 min at room tem-
perature (20-21°C) [9].

A 50 pl droplet of cell suspension was placed between
a pair of flat stainless-steel electrodes and subjected to a
single square-wave electric pulse. The distance between
the electrodes was 2 mm. After the electric treatment,
the cells were immediately transferred to a chilled Ep-
pendorf tube, kept on ice for 5-10 min, and then kept
for 30-40 min at 10-11°C to prevent pores from clos-
ing and to allow equilibration between intracellular and
extracellular KT concentrations. Then, the extracellu-
lar potassium concentration was measured by means of
a mini KT-selective electrode and the fraction of electro-
porated cells was determined [8, 9].
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3. Results and discussion

When the cell is electroporated, K™ ions leak out of the
cell down their concentration gradient until the equilibra-
tion between intracellular and extracellular KT concen-
trations occurs. So, the fraction of electroporated cells
can be determined from the extracellular concentration
of KT ions [8, 9.

In this study, the dependences of the fraction of electro-
porated cells on the pulse intensity were obtained for the
cells exposed to a single square-wave electric pulse with
the duration of 0.02-2 ms. The amplitude of an electric
pulse was varied from 0.6 to 2 kV/cm for erythrocytes
and from 0.2 to 1.5 kV/cm for CHO and rat glioma C6
cells. These dependences obtained for human eryhtro-
cytes are shown in Fig. 1. It can be seen that increasing
the intensity or the duration of the electric field pulse in-
creased the fraction of electroporated cells (Fig. 1). The
dependences of the fraction of electroporated cells on the
pulse intensity were obtained for other cells, too (data
not shown).
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Fig. 1. Dependences of the fraction of electroporated
human erythrocytes on the amplitude of an electric field
pulse for various pulse durations. Cells were exposed to
a square-wave pulse with a duration of 20 us—2 ms and
the fraction of electroporated cells was determined from
the amount of potassium ions released from the cells
(see Sect. 2).

From the relationships of the fraction of electroporated
cells on the pulse amplitude obtained at different pulse
durations, the pulse amplitude inducing electroporation
of 50% of cells, A®,,50%, can be estimated for each pulse
length. This way, the dependence of A®,,505 on the
pulse duration can be obtained. Such dependences ob-
tained for human erythrocytes, Chinese hamster ovary
and rat glioma C6 cells are shown in Fig. 2A. It can be
seen that electroporation of CHO and rat glioma C6 cells
require the electric pulses of similar amplitude. However,
to electroporate human erythrocytes the pulse of much
higher amplitude has to be used.

However, the transmembrane potential generated by
the external electric field depends on the cell radius [10].
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Fig. 2. The dependences of (A) the amplitude of a
square-wave electric pulse and (B) the maximal trans-
membrane potential (at the poles of the cell) required
to electroporate 50% of cells on the pulse duration, ob-
tained for human erythrocytes, CHO, and rat glioma
C6 cells.

Meanwhile, human erythrocytes, CHO, and rat glioma
C6 cells differ in their sizes. Therefore the electric field
strength necessary to electroporate the cells of differ-
ent sizes cannot be compared. Only the maximal trans-
membrane potential (at the polar regions of the cell) in-
duced by the external electric field can be compared. So,
the transmembrane potential inducing electroporation of
50% of cells, A®,,509, was calculated from equation [10]

Ad,, = 1.5Fa, (1)
where Ej is the electric field strength and a is the cell
radius.

The obtained dependences of A®,,50%4 on the pulse
duration are presented in Fig. 2B. The average cell radius
was 3.0 pm for human erythrocytes, 7.0 pm for Chinese
hamster ovary cells, and 6.5 pum for rat glioma C6 cells.
From Eq. (1) we get the values of the transmembrane
potential in the range of 480-930 mV (Fig. 2B), which are
similar to the transmembrane potentials that have been
reported as leading to membrane permeabilization when
using the pulses of similar duration [6, 11]. It can be seen
from Fig. 2A that the dependences of the transmembrane
potential required to electroporate 50% of cells are very
close for all cell lines studied here.

4. Conclusions

It can be concluded that the electric field strength nec-
essary to electroporate cells depends on the cell size and
decreases with increasing the amplitude or the duration
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of the pulse. But the transmembrane potential required
to electroporate 50% of cells as well as its dependence
on the pulse duration is almost the same for human ery-
throcytes, Chinese hamster ovary (CHO) and rat glioma
C6 cells.
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