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question by studying the impact of conductivity of the pulsing buffer on the effect of pulses of 12 ns and 3.2 MV/m
on the DC-3F mammalian cell line. When pulses were applied in a high-conductivity medium (1.5 S/m), cells ex-
perienced both reversible electropermeabilization and cell death. On the contrary, no effect was observed in the
low-conductivity medium (0.1 S/m). Possible artifacts due to differences in viscosity, temperature increase or
electrochemical reactions were excluded. The influence of conductivity reported here suggests that charges
still play a role, even for 12-ns pulses. All theoretical models agree with this experimental observation, since all
suggest that only high-conductivity medium can induce a transmembrane voltage high enough to induce pore
creation, in turn. However, most models fail to describe why pulse accumulation is experimentally required to
observe biological effects. They mostly show no increase of permeabilization with accumulation of pulses. Cur-
rently, only one model properly describes pulse accumulation by modeling diffusion of the altered membrane
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regions.
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1. Introduction

Electric pulses can induce reversible or irreversible defects in a cell
membrane, thus allowing direct access of external molecules to the
cell cytosol [1-3]. This effect is referred to as electropermeabilization
or electroporation. This technique is nowadays routinely used in re-
search laboratories and clinics e.g. to treat cancerous tissues [4-8]. In
traditional electropermeabilization, pulse parameters can be chosen
over a wide range and still lead to a successful permeabilization of
cells. Values usually range between a few tens or hundreds of pis (pulses
which are referred to as micropulses) and a few ms (pulses referred to
as millipulses). Field magnitude is chosen depending on the cell type
and desired effect, but usually lies between a few tens of kV/m and a
few hundreds of kV/m. More recently, different groups found that
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much shorter and more intense pulses can also lead to a membrane per-
meabilization [9-13]. Typical electrical parameters mentioned in litera-
ture are a few tens of nanoseconds for the duration and at least 2 MV/m
for the electric field magnitude. Nomenclature to refer to various types
of pulses in literature, however, is not yet homogeneous. Frequently, a
distinction is made between ‘short pulses’ and ‘long pulses’. These
names usually refer to the charging time of the cell plasma (external)
membrane. Indeed, when a cell is subjected to an external field, its
plasma membrane charges like a capacitor, with an exponential time
course that is characterized by the charging time constant 7. ‘Short
pulses’ and ‘long pulses’ usually mean pulses shorter and longer than
the cell plasma membrane charging time (~5 = T), respectively. Several
electromagnetic models have been developed to precisely describe the
behavior of a spherical cell in a homogeneous unidirectional electric
field [14-17]. Those models can predict the charging time constant 7
of the cell plasma membrane in the linear regime (Eq. (1) [14]). Most
of the parameters influencing this charging time constant are intrinsic
to the cell and are (almost) inaccessible by the experimental design.
This is the case for the cell radius r. (m), the intracellular conductivity
0; (S/m), the membrane surface capacitance C,, (F/m?), and the
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membrane surface conductance Sy (S/m?). However, the charging
time also depends on extracellular conductivity o, (S/m), which
is a parameter that can be set to different values during an experi-
ment (within the limit of physiologically acceptable values).

0; + 20,

7 ="1cCm 20,0 + 1(0; + 20¢)So

(1

The time constant is plotted as a function of the extracellular con-
ductivity in Fig. 1. Other parameters were kept constant and their values
are given in the legend of the figure. Values for the time constant range
from approximately 93 ns to 420 ns at external conductivities ranging
from 1.5 S/m to 0.1 S/m.

Whether the values of Fig. 1 are accurate or not, it can still be as-
sumed that when a cell with a radius of 7 um is subjected to a 12-ns
pulse, its membrane will not reach the stationary value imposed by
the pulse, since the charging time is much longer than 12 ns. More-
over, Eq. (1) and Fig. 1 suggest that the charging time of the mem-
brane is highly dependent on the conductivity of the extracellular
medium. As a consequence of those two observations, an important
influence of extracellular conductivity can be expected. In this
study we focused on pulses of 12 ns duration and 3.2 MV/m. In a pre-
vious study, it was shown that these types of pulses can induce mem-
brane permeabilization as well as cell death [13]. Here, these effects
are shown to correlate with the conductivity of the extracellular me-
dium. We additionally demonstrate that the higher efficiency of the
high-conductivity medium is not due to an elevation of temperature.

Experiments were performed on DC-3F cells which grow attached,
but can be kept in suspension for the time of the experiments. The cell
death caused by the exposure of the cells to the pulses was assessed
by cell survival quantified by a cloning efficiency test. Moreover, pulse
treatment combined with a nonpermeant cytotoxic agent in the extra-
cellular medium (namely bleomycin [18-22]) provided a robust and
quantitative method for determining reversible permeabilization
(such a method was already described in [13,23] and the concept of
the approach is detailed in [5]).

2. Material and methods
2.1. Cell culture

Chinese hamster lung cell line DC-3F [24] was grown in complete
medium, consisting of MEM — Minimum Essential Medium (31095-
052, Life Technologies, Saint Aubin, France) with the addition of 10%
fetal bovine serum (10270-106, Life Technologies) and supplemented
by antibiotics (500 U/ml penicillin and 500 pg/ml streptomycin). Cells
were kept in a humidified atmosphere at 37 °C and 5% CO, and routinely
passed every two days. When they are placed in a suspension, those
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Fig. 1. Charging time as a function of extra-cellular conductivity. The parameters used for
the computation are: r. = 7 um, 0; = 1 S/m, C,, = 0.01 F/m?, Sy = 1.9 S/m>

cells have an average diameter of 13.2 £+ 1.3 um (mean =+ standard de-
viation evaluated from bright light microscopy images; 380 cells were
analyzed in five independent experiments).

2.2. Pulsing media

Two different media were mainly used: Either S-MEM (a Minimum
Essential Medium modified for the cultivation of cells in suspension,
11380-037 Life Technologies) or STM (250 mM sucrose, 10 mM Tris
HCI pH 7.0, 1 mM MgCl,). Conductivity of the solutions was measured
with a Conductivity Meter CLM 381 (Endress and Hauser, Weil am
Rhein, Germany). To measure the dependence of conductivity on tem-
perature, a beaker containing the solution to be tested was heated
with a standard heating plate (VHP-C7, VWR International). The two
media will hereinafter be referred to as high-conductivity (1.5 S/m)
and low-conductivity (0.1 S/m) medium, respectively.

Lyophilized bleomycin was dissolved in S-MEM (or STM) and stored
at —20 °C at 300 uM. Aliquots were taken just before the experiments
and dissolved in S-MEM (or STM) to obtain media with a concentration
of 30 nM of bleomycin. As STM is more viscous than SMEM due to the
high concentration of sucrose, “viscous S-MEM” was prepared by
adding 0.1% or 0.15% of agar (30391-023, Life Technologies) to the stan-
dard S-MEM. These solutions were sterilized by autoclaving prior to the
experiments. Viscosity measurements were performed with a viscome-
ter of the type Brookfield DV2T at 24 °C. Results are the mean 4+ stan-
dard deviation of three independent measurements.

2.3. Assessment of cell viability

After trypsinization of exponentially growing cells and inactivation
of trypsin (25300-054, Life Technologies) by the serum factors of the
complete medium, cells were centrifuged for 10 min at 150 g and resus-
pended at a density of 5 x 10° cells/ml in the appropriate medium con-
taining 30 nM bleomycin or not. Cells were immediately deposited
between the two electrodes and exposed to the electric pulses. Cells
were kept for 10 min at room temperature after the application of the
electric pulses. The cells were then diluted in complete medium. After
dilution, cells were seeded in triplicate in complete culture medium
(250 cells per cell culture dish, 35 mm in diameter) to measure their vi-
ability through a quantitative cloning efficacy test. After 5 days in a hu-
midified, 5% CO, atmosphere, colonies were fixed and stained (with a
solution of 5% formaldehyde containing crystal violet) and the number
of clones N was counted for each condition. Viability was then normal-
ized to the number of clones in the control Neop¢0; and reported as a per-
centage of survival: N/Ncontrol - 102. In experiments without bleomycin,
the control condition refers to cells subjected to no treatment. In exper-
iments with bleomycin, the control condition refers to cells in contact
with the bleomycin, which did not receive any pulses. Viability of
unpulsed controls was typically between 90% and 95% after exposure
to 30 nM bleomycin. Final results are represented as mean values + SD
(standard deviation) of three to five independent experiments.

2.4. Nanosecond-pulse delivery

Unless stated otherwise, a pulse-forming line generator based on
spark gap technology and designed by Europulse (Cressensac, France)
was used. Cells were exposed in suspension in conventional electropo-
ration cuvettes from Cell project (Harrietsham, United Kingdom). The
4 mm cuvettes were used and precise measurements of the distance be-
tween the electrodes indicated d4mm = 4.19 + 0.02 mm. The measured
distance was used to evaluate the electric field inside the cuvette.

During the experiments designed to test the influence of conductiv-
ity, special care was taken to impose exactly the same electric field in
both the high- and low-conductivity media. To this end, the two cu-
vettes containing the two different media were exposed in a parallel ar-
rangement as depicted in Fig. 2. This ensures that an identical voltage is
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Fig. 2. Scheme of the experimental disposal.

applied to the two cuvettes. Polarization effects at the electrodes can be
neglected, since they typically happen at very low frequencies (chapter
7 in [25]), while the high-frequency content of the 12-ns pulses is much
higher [26]. Since cuvettes are filled with homogeneous medium, the
electric field inside a cuvette is given by the voltage divided by the dis-
tance between the electrodes. The setup therefore ensures an identical
electric field in the two media and the impact of conductivity can thus
be evaluated.

The volume of cell suspension inside the cuvette was set to 400 pl. It
was chosen in order to limit the reflection of the pulse at the level of the
sample through the matching of the load impedance to the circuit and
generator impedance. In order to prevent electrical breakdown in the
air above the cell suspension, the remaining space between the elec-
trodes was filled with paraffin oil (Sigma-Aldrich, Saint-Louis, MO, US).

Experiments designed to discriminate the impact of viscosity were
performed with a generator from FID GmbH, Model FPG 10-ISM10.
The 1 mm cuvettes from Molecular BioProducts were used (measured
electrode distance d = 0.99 + 0.08 mm) and the volume of cell suspen-
sion was 60 pl. A more precise description of the generator can be found
in [13].

2.5. Nanosecond-pulsed electric field measurements

To perform experiments under controlled conditions, the electric
field applied was measured systematically using a suitable sensor,
namely, a D-dot that was directly attached to the exposure device
[27]. Due to the position of the D-dot (displayed on Fig. 2), the field
Ep_ 4o measured by the D-dot is the electric field between the two cop-
per electrodes holding the cuvettes. The electric field Egq inside the cu-
vettes, which is considered to be the field strength applied to the cell
sample, is computed according to (2), where d is the distance between
the electrodes of the cuvette and D is the distance between the copper
electrodes.

D
Efiels = ED—dorH (2)

A typical pulse is represented in Fig. 3. The main pulse is trapezoidal
with a duration at half-height of 12 ns and magnitude of 3.2 MV/m. It is
followed by a negative rebound of approximately — 0.8 MV/m, which is
due to slight impedance mismatch.

2.6. Numerical methods

Transmembrane voltage V and the membrane's surface conductance
were simulated using the model of DeBruin and Krassowska [28]. The
cell is assumed to be spherical and embedded in the extracellular me-
dium which is assumed to be infinite. The membrane voltage V can be
approximated by Eq. (3), where Sy is the initial surface conductance of
the membrane, S, is the surface conductance of the permeabilized
membrane given by Eq. (4), and N, is the pore density given by

Efeta / MV.m"!
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Fig. 3. Typical pulses applied in the experiments. The measurement displays the main
pulse as well as the parasitic rebound. The main pulse characteristics are given in the inset.

Eq. (5). The overall surface conductance of the membrane is thus S =
So + Sep. The membrane voltage in the linear case, i.e. in the absence
of permeabilization, is simply computed using Eq. (3) and considering
that S., = 0. Note that in this case, the charging time of the membrane
in the absence of permeabilization as mentioned in the Introduction
(Eqg. 1) can be computed easily using Eq. (3).

v 20.0; _ 30e0i
e+ (o0 + 50 S0l V)V =25 E 7
Sep(tv V) = Sle-’p(tv V) (4)
aNEp(t7 V) _ V/Vep 2 — NeP — 2
= el ) (1 No EXP( q(V/Vep) )> (3)

The computational cost of the 3D model of DeBruin and Krassowska
for 100 pulses is quite high. We therefore take advantage of the assump-
tion of spherical cell shape and we use the expansion in Fourier modes
to easily obtain preliminary results. The principal Fourier mode at the
pole is computed. The time step equals 0.1 ns during pulse application.
Note that between two pulses, V rapidly decreases to 0 (with a time con-
stant of ), such that pore density can be calculated explicitly without
requiring a numerical solution with a small time step. The time step
was thus set to 10 pis between the pulses. The parameters used for the
simulation are given in Table 1.

The 3D model of Leguébe et al. [17] was also used. The 3D code is
based on finite difference methods in Cartesian grids, but once again
we perform experiments using Fourier mode expansion. This model
separates conductance increase and permeability increase. For a direct
comparison with the model of DeBruin and Krassowska, only the con-
ductance increase was computed. Eqs. (3) and (4) are still valid, while
pore density is now given by Eq. (5’). Note that in the initial paper
[17], pore density is described in a slightly different way, although the
simulation results are largely identical. The parameters used for the

Table 1
Simulation parameters for the electropermeabilization model of Debruin and Krassowska.
Except for the cell radius, the parameters are taken from [28].

1. — cell radius 7 um

0; — intra-cellular conductivity 1S/m

So — initial surface conductance of the membrane 1.9 S/m?

C, — membrane capacitance 0.01 F/m?

Vep — voltage threshold of electroporation 540 mV

Ny — pore density at rest 15-10°m 2
q 246

o 10°




372 A. Silve et al. / Bioelectrochemistry 106 (2015) 369-378

Table 2
Simulation parameters for the electropermeabilization model of Lebégue et al. [17].
1. — cell radius 7 pm
0; — intra-cellular conductivity 1S/m
So — initial surface conductance of the membrane 1.9 S/m?
G, — membrane capacitance 0.01 F/m?
Vep — voltage threshold of electroporation 1V
S; — maximum surface conductance of the membrane 10° S/m?
Tep — poration characteristic time 0.1ps
simulations are given in Table 2.
2
ONg(t,V) 1 (ef(ve,,/v) _Nep> 5)
ot Tep
3. Results

3.1. Efficiency of permeabilization

In order to determine the influence of conductivity on cell
electropermeabilization, the cells were exposed to pulses of 12 ns in du-
ration and 3.2 MV/m in magnitude. The repetition rate was chosen to be
equal to 10 Hz, because a high number of pulses is required to observe
biological effects [13]. 10 Hz ensured that the overall exposure time
did not exceed 100 s. Experiments were performed simultaneously in
the two media, as was described in the Material and methods section.
Viability after the application of various numbers of pulses was tested
using the cloning efficiency test. The results are presented in Fig. 4.

Without bleomycin, 500 pulses induced the death of 60% of the cells
when they were exposed in the 1.5 S/m buffer (Fig. 4), while no mortal-
ity was induced by 1000 of these pulses in the 0.1 S/m buffer. When
30 nM of bleomycin was added to the extracellular medium, much
less pulses were required to induce the same effects in the 1.5 S/m
buffer. Merely 100 pulses were sufficient to induce 60% of cell death.
In the 0.1 S/m buffer, however, no cell death was observed even after
the application of 1000 pulses.

The results of Fig. 4 have been combined in order to discriminate the
proportion of cells directly killed by the pulses from those that are killed
in the presence of bleomycin only. The latter are considered to be ‘re-
versibly permeabilized’. Those results are presented in Fig. 5. This figure
illustrates that both direct killing and reversible permeabilization are
observed in the 1.5 S/m buffer, whereas almost neither of them is ob-
served in the 0.1 S/m buffer.

A B
Without Bleomycin 30 nM Bleomycin
120 S-MEM 9 STM 120 S-MEM qSTM
.1.5Sim 0.1 Sim .‘l.SSt‘m 0.1 Sim
100 100

for]
o
[o:]
o

Cell survival / %
@
o

Cell survival / %
(o]
=

40 40

20 20

0 0 ) )
100 300 500 1000 100 300 500 1000

Number of pulses Number of pulses

Fig. 4. Cell viability after exposure of cells to various numbers of pulses of 12 ns and
3.2 MV/m. The repetition rate was 10 Hz. Results are represented as mean values + SD
(standard deviation) of three to five experiments. (A) Cells were exposed in medium
alone. (B) Cells were exposed in medium containing 30 nM bleomycin. In B, cell survival
is normalized to the control exposed to bleomycin alone.

3.2. Influence of temperature

The results presented above raise the question of the temperature
increase of the samples. Indeed, if two media with different conductiv-
ities are exposed to the same electric field, a higher temperature in-
crease is expected in the medium with the highest conductivity. In the
above experiments, effects were observed in the high-conductivity me-
dium only and could in principle be due to an increase of the medium
temperature.

The maximum temperature increase can be estimated by a simple
computation [29]. The approximate energy per volume Egisipated
(expressed in J/m?) dissipated through a sample due to N pulses
can be calculated easily, if we approximate the pulses to square
pulses of 12 ns and if only the resistive aspect of the media is consid-
ered. Egissipareq 1S given by Eq. (6), where E is the local magnitude of
the field (V/m), ois the medium conductivity (S/m), and At is the du-
ration of the pulse (s).

Edissipa[ed =0- |E|2 - At-N (6)

The temperature increase under adiabatic condition is then given
by Eq. (7), where cyqrer is water-specific heat capacity (Cwarer =
4184 J/(g-K) and d,yqcer is the mass density of water (dyarer =
0.997 x 10° g/m3).

_0-|EP-AtN

Cwater - Awater

AT (7)

The temperature increase computed for 100 pulses of 12 ns and
3.2 MV/m is approximately 4.4 °C which would heat up the medium
from the room temperature of 22 °C to 26.4 °C. Such an increase is un-
likely to permeabilize 60% of the cells to bleomycin (Fig. 4).

Moreover, if we consider that most of the energy is very rapidly
transferred to the aluminum electrode (which is reasonable, since ther-
mal transfer is very good between the water and the metal), then the
temperature increase is given by Eq. (8), where ¢,y is the aluminum's
specific heat capacity (cqp = 0.897 J/(g-K), dayy, is the mass density of
aluminum (dg, = 2.7 x 10° g/m>), Vinedium is the volume of the cell sus-
pension (Viegium = 0.4 cm?), and Vg, is the volume of the electrodes
(Vau = 0.64 cm®). In that case, the temperature increase caused by
100 pulses of 12 ns and 4.3 MV/m is approximately 2.3 °C.

V.o
(Cat * datu * Vi + Cwater - Qwater  V medium)

AT =0 - |EP - AtN

(8)

Those rules-of-thumb computations consider that no energy is dissi-
pated, which is, of course, the worst case. With a repetition rate of only
10 Hz, it is likely that part of the energy is dissipated while applying the
pulse.

Since temperature measurement was not feasible without disturbing
the experimental conditions, we decided to evaluate the temperature in-
crease by means of electrical measurements. When several pulses are ap-
plied, all can be acquired using the pulse mode of the oscilloscope. For
each pulse, the maximum of the field magnitude was extracted and plot-
ted in Fig. 6A as a function of the pulse number in the sequence. As obvi-
ous from this figure, the pulse magnitude decreases slightly with time.
Such a decrease corresponds to a slight heating of the sample. Indeed, it
is known that heating increases the conductivity of saline solutions (-
Chapter 2 in [25]). As a consequence, the overall conductivity of the sam-
ple will increase and, in turn, the magnitude of the applied electric pulse
will change due to impedance mismatch. In this precise experiment, the
sample consisted of two cuvettes with a 4 mm gap containing 400 pl of
S-MEM or STM. Since the conductivity of S-MEM exceeds that of STM
by more than a factor of ten, it will impose global impedance. Moreover,
the conductance of the S-MEM medium imposes the magnitude of a 12-
ns pulse [26]. The impedance of the sample can thus be approximated
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Fig. 5. Interpretation of the biological effects of the pulses for the two different media. Cells
were exposed to a 12-ns pulse of 3.2 MV/m. The repetition rate is 10 Hz.

by Eq. (9), where S is the section through which the current flows and d is
the distance between the electrodes.

1
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According to reflection rules, the magnitude of the applied electric
field Eqypiics can be written as a function of the voltage supplied by the
generator Vg, of the impedance of the sample Z and of the characteristic
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impedance of the cable and the generator Z. (10).
Vapplied V. VA
Eappiied = % = Fg (1 +Z+Zi—> (10)
The conductivity of the sample is thus given by Eq. (11).
d [ 2Vg >
Os_MEM = 5= -1 11
s-wen = 7.5 (7 (an

The conductivity of S-MEM as a function of the temperature was
evaluated in a separate experiment. The experimental data are pre-
sented in Fig. 6B. The data indicate that in this regime, the conductiv-
ity of the S-MEM is linear versus temperature. The conductivity can
be approximated by Eq. (12), where @ = 0.04S-m™"-K'and pp =
0.55S-m™ ..
o=a-T+f3 (12)

Hence, according to the three previous equations, temperature in-
crease can be evaluated by Eq. (13).

)

In Fig. 6C, this expression is employed to compute the temperature
as a function of the applied voltage. The temperature computed in-
creases exponentially with time, which is coherent with a thermal in-
crease. The initial temperature was estimated to be 23.8 °C which is

A2
o ZCS Vapplied

(13)

26 S
2.4 g

Te22 v

2 P
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1.4L” ‘ i
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Fig. 6. (A) Measurement of the pulse magnitude as a function of the pulse number. (B) Conductivity of the S-MEM medium as a function of temperature. The graph displays individual data
points and a linear regression in the form of 0 = a - T + 3 (parameters given in the text). (C) Temperature evaluated using pulse magnitude (see the text for more details).
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also coherent with room temperature. After 100 pulses, the temper-
ature increase is estimated to be around 1 or 2 °C, which is slightly
lower than the 2.3 °C increase expected under adiabatic condition.
Moreover, after 1000 pulses, the temperature is almost stabilized at
its final value of 28 °C. A synergistic effect of electric pulses and tem-
perature has already been described in the literature, but it requires a
much higher temperature increase [30-34]. The slight temperature
increase obtained during the experiments described above therefore
cannot explain the huge permeabilization induced (Fig. 4).

3.3. Role of viscosity

Apart from having very different conductivities, the two media used
in the experiments also have very different viscosities. The low-
conductivity medium STM has a viscosity of 1.06 + 0.07 - 1072 P
which is significantly higher than that of the high-conductivity medium
S-MEM, which is 0.89 & 0.03 - 10~2 P. This is due to the large amount of
sucrose contained in STM. In order to account for the role viscosity
might play, 0.1% or 0.15% agar was added to the high-conductivity me-
dium in order to modify its viscosity. The conductivity was not changed
by the addition of agar. Over 0.15% of agar, the high viscosity prevented
the cuvette from being filled with the exactly pre-defined volume,
which led to pulse distortion. The high viscosity also caused important
biases in cell collection and, hence, in colony counts. The viscosity
values for the S-MEM medium containing 0.1% and 0.15% agar were
5.6 - 1072 P and 61 - 10~ 2 P, respectively. Fig. 7 shows the result of
cloning efficacy experiments performed with different percentages of
agar in the medium. The treatment consisted in the application of 500
pulses of 10 ns duration and a field magnitude of 4.2 MV/m (note that
the generator was different). The repetition rate was kept at 10 Hz.
Under those conditions, viscosity did not appear to be a key parameter,
as the percentage of clones was the same with all media.

4. Discussion

Several groups studied the influence of conductivity on the effi-
ciency of conventional permeabilization by pulses of microseconds or
milliseconds in duration [2,35-37]. In most cases, those studies indicate
that a decrease in extracellular medium conductivity slightly decreases
the efficiency of the permeabilization [38]. However, this influence is

120 4
100 -
ol M0 3% 30

40 1

Cell survival / %

201

0
0 0.1

Agar / %

0.15

Fig. 7. Viability based on the viscosity of the medium. 500 pulses of magnitude 4.2 MV/m
and length of 10 ns were applied with a repetition rate of 10 Hz. The extracellular medium
was S-MEM, eventually supplemented with agar. The results are the average + SD of 3 ex-
periments (generator from FID GmbH, Model FPG 10-ISM10 and 1 mm cuvettes from Mo-
lecular BioProducts were used). For each agar concentration, results were normalized to
the control which consisted in unpulsed cells in the same medium, with the same agar
concentration and with 30 nM bleomycin.

very weak and can only be observed for very low values of conductivity,
typically less than 0.01 S/m [38].

An influence of conductivity for short pulses has already been sug-
gested in a theoretical study, where the authors proposed that perme-
abilization by nanosecond pulses should be scaled by the charge
density. According to this hypothesis, permeabilization is supposed to
be more efficient in high-conductivity media [39]. The only experimen-
tal work in which this question was addressed, however, reveals a
higher efficiency of the low-conductivity media [9]. The results ob-
tained here show the opposite dependence on conductivity. With the
12-ns pulses used here, more cell death and more reversible perme-
abilization were induced in the DC-3F cells in the high-conductivity me-
dium. Under the conditions of our experiments, thermal effects were
found to be negligible. Moreover, the viscosity of the extracellular
media did not have any influence. Electrochemical reactions at the elec-
trode interface could play a role in the observed results. Indeed, it is well
known that some of the chemical species formed can affect biological
cells and even lead to cell death (a phenomenon which is used in the
electrochemical treatment of tumors [40]). The importance of the phe-
nomenon will depend on the chemical composition of the medium as
well as on the type of metal used for the electrodes. Since the number
of chemical species created is proportional to the charge injected, the
dose used to quantify electrochemical reaction generally is the number
of charges to volume Q,, (C/m?) which can be evaluated according to
formula (14) [29].

o -|E|- At-N
q, = ¢ L AN (14)

Under the worst conditions tested, when 1000 pulses were ap-
plied, we obtained a charge per volume of 1.4 x 10 C/m? in the
high-conductivity medium in which cell death and permeabilization
were observed. This value is approximately 20 times lower than the
threshold of 3 x 10° C/m> reported in the paper of Yen and colleagues
to observe an impact of electrochemically generated species on cell
growth [41]. Potential influence of electrochemical reactions, how-
ever, cannot be ruled out completely, since the studies have only
been carried out with an electric field of low magnitude. At higher
electric fields, electrochemical reactions might be modified as well
as their kinetics. Lower doses than the one mentioned by Yen [41]
might thus be sufficient to induce some biological consequences.
However, we believe that the influence of electrochemical reactions
is probably limited, since cells are kept in the pulsing buffer only for
10 min, while it is generally admitted that cells should be kept in the
presence of the toxic chemical species for a longer time in order to
observe a deleterious effect [41,42]. Moreover, not only cell death
has been observed, but also reversible electropermeabilization as
assessed by the uptake of bleomycin. To our knowledge, no studies
suggest that electrochemical reactions can induce a reversible per-
meabilization of cell membrane.

Since effects of temperature, viscosity, and chemical reactions can be
excluded, the observed impact of conductivity is likely to be of an elec-
trical nature. At first glance, the fact that the high-conductivity medium
is more efficient for cell electroporation seems to be intuitive from an
electrical point of view. It might be reasoned that the membrane voltage
reaches a higher value in the higher-conductivity medium, since charg-
ing time is shorter than in the low-conductivity medium and cells are
not fully charged by the end of the pulse in both cases, since pulse dura-
tion is smaller than charging time in the two cases. This is typically what
linear electromagnetic models describe. The theoretical transmembrane
voltages (TMVs) induced by the external electric field across the mem-
brane of cells are displayed in Fig. 8. Only induced TMV is represented
and the possible contribution of the resting TMV is neglected. Taking
resting TMV into account, however, would not change the interpreta-
tion of the following simulations. Only the value at the cell's poles has
been represented (6 = 0 or 6 = m, see inset in the figure). These results
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Fig. 8. Simulation of the transmembrane voltages during a 12-ns pulse of 3.2 MV/m and in
the linear case. The displayed values correspond to what is expected at the pole of the cell,
for 6 = O[] as depicted in the inset. The dotted blue line corresponds to S-MEM (0, =
1.5S.m~ ') and the solid black line to STM (0. = 0.1 S.m™ ).

were obtained using strictly linear models, which implies that no change
in the properties of the membrane is taken into account. In particular, a
potential increase of membrane conductivity during the pulse due to elec-
troporation is not accounted for (see Material and methods). For both ex-
tracellular media, we observe that the induced transmembrane voltage
increases continuously during the pulse, while it relaxes back to 0 mV
when the electric field is switched off. The fact that the TMV increases
continuously is coherent with the fact that the pulse duration is smaller
than the charging times of the membrane in both media, which, according
to the model, are equal to T; = 93 ns in the high-conductivity medium
and T, = 420 ns in the low-conductivity medium. Since charging time
in the high-conductivity medium is shorter than that in the low-
conductivity medium, the TMV reaches a much higher value at the end
of the pulse. Theoretically, approximately 4 V can be achieved in the
high-conductivity medium, while the TMV barely exceeds 1 V in the
low-conductivity medium. As mentioned before, the model used to com-
pute the TMV is linear and does not take into account the eventual feed-
back the permeabilization of the membrane might have on the value of
the TMV. It is legitimate to assume, however, that the TMV will reach
higher values in the more conductive medium, which could provide an
explanation for the difference in permeabilization efficiency that was ob-
served in the experiments.
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Standard electroporation models which account for membrane con-
ductance increase like the one of DeBruin and Krassowska [28] also sug-
gest that the high-conductivity medium should be more efficient. The
values of the transmembrane voltage (at the pole) as well as the overall
surface conductance of the membrane computed according to this
model are displayed in Fig. 9A. In the case of the low-conductivity me-
dium, surface conductance of the membrane does not increase and
the transmembrane voltage is identical to that obtained in the linear
case. In the high-conductivity medium, however, conductance of the
membrane increases, which affects the transmembrane voltage by
slightly accelerating the discharge after the pulse. Nevertheless, the
qualitative behavior the TMV is very close to that obtained in the linear
case. Similar results for the transmembrane voltage and surface conduc-
tance of the membrane are obtained with the electric part of the model
of Leguébe et al. [17], as displayed in Fig. 9B. Note that the main differ-
ence to the previous model is that the surface conductance of the mem-
brane increases more slowly when permeabilization starts. Both models
include a number of unknown parameters, such as intracellular conduc-
tivity or the membrane's initial surface conductance. Changing the
values of these parameters will, of course, influence the outcome of
the simulation and the exact values of TMV or membrane surface con-
ductance. However, both models always yield results which are qualita-
tively identical to those displayed in Fig. 9.

We emphasize that the above computational results are valid for
one pulse only, while the experiments were conducted with hundreds
or even a thousand pulses. In Fig. 10A we plot the membrane TMV
and the membrane surface conductance after 10 pulses using the
model of Debruin and Krassowska. In such a model each pulse generates
the same transmembrane voltage. The conductance of the membrane
reaches its highest value after the first pulse and progressively de-
creases. Since one of the postulates of this model is that the intensity
of permeabilization is reflected by the value of membrane conductance,
this model suggests that cumulating pulses will not increase the impact
of the treatment. Indeed, subsequent pulses do not increase the conduc-
tance of the membrane more than the first pulse does. Similar results
are obtained when cumulating more than 10 pulses (results not
shown). This important drawback is due to the fact that the trans-
membrane voltage has a “local” effect. Since no diffusion of the mem-
brane defects (pores in the case of this model) is accounted for, the
induced TMV is always established on the same fraction of the

membrane which is permeabilized by the first pulse. The model of
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Fig. 9. Simulation of the transmembrane voltage and membrane surface conductance during a 12-ns pulse of 3.2 MV/m. Panel (A) shows the model of Debruin and Krassowska and panel
(B) the model of Leguébe et al. The displayed values of the transmembrane voltage and surface conductance correspond to what is expected at the pole of the cell, for 6 = 0[] as depicted
in the inset. The dotted blue line corresponds to S-MEM (0. = 1.5 S.m~!) and the solid black line to STM (0. = 0.1 Sm™1).
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Fig. 10. Simulation of the transmembrane voltage and membrane surface conductance during a sequence of 10 pulses of 12 ns and 3.2 MV/m applied with a repetition rate of 10 Hz. Panel
(A) corresponds to the model of Debruin and Krassowska and panel (B) to the model of Leguébe et al. The displayed values of the transmembrane voltage and surface conductance cor-
respond to what is expected at the pole of the cell, for 8 = 0[] as depicted in Figs. 8 and 9. The dotted blue line corresponds to S-MEM (0. = 1.5S-m~ ") and solid black line to STM (0. =

01S-m™1).

Leguébe et al. [17] that does not have this drawback can therefore
better describe the results and especially the effect of pulse accumu-
lation. First, the model separates conductance and permeability.
Conductance increase is thought to be due to some pore creation
(like in the model of Debruin and Krassowska). However, pores are
considered to rapidly collapse so that the membrane rapidly re-
covers a conductance equal or close to the initial conductance. This
implies that in a series of pulses, each pulse can generate a high
transmembrane voltage on the membrane, since the conductance
of the membrane has recovered. This is typically what can be seen
in Fig. 10B which is the simulation for 10 consecutive pulses applied
at 10 Hz. Each pulse has merely the same impact on the conductance
of the membrane. The fact that pulses have a cumulative effect on
membrane permeability therefore is not observed for membrane
conductance. However, when looking at the permeability of the
membrane, such an effect is visible, as was shown by simulations in
the paper presenting the model [17]. At this current stage, the
model cannot give any precise physical interpretation of the perme-
ability. However, more permanent change in the physical or chemi-
cal properties of the lipids may be initiated by the pores. Moreover,
since the model considers that the ‘defects’ or ‘local change of mem-
brane properties’ can diffuse away from the pole regions, where they
were initially generated, new defects can be generated by subse-
quent pulses. This diffusion process of defects is thus essential to de-
scribe the effect of pulse repetition as well as the influence of the
pulse repetition rate.

5. Conclusion

The experiments presented in this paper illustrate that mammalian
cells can be permeabilized efficiently by 12-ns electric pulses. With
the electrical parameters used — 12 ns and 3.2 MV/m -, a major influ-
ence of the conductivity of the external medium was observed. The
most conductive medium (1.5 S/m) induced both efficient reversible
permeabilization and efficient direct killing of the cells. In contrast to
this, the same number of pulses induced hardly any effect when the
conductivity of the external medium was reduced to 0.1 S/m. We have
shown that this difference was neither a thermal artifact nor a conse-
quence of a difference of viscosity between the two media. The proba-
bility of occurrence of an electrochemical artifact was estimated to be

negligible. We are therefore confident that the observed difference
is a true electrical phenomenon. According to the classical electro-
magnetic models of cells, charging time of cell membrane is highly
influenced by the conductivity of the external medium. Membrane
charging happens faster when the external medium has a higher
conductivity. For an electric pulse shorter than the charging time of
the membrane, as it was the case under our working conditions,
the voltage induced across cell membrane can in principle reach
higher values when the external medium has a higher conductivity.
We believe that this is the most probable explanation of the results
observed. This remains to be confirmed experimentally by measure-
ments of the transmembrane voltage using fluorescence voltage
reporters, for instance. Proving the validity of this hypothesis is
essential for our understanding of interactions of short electric
pulses with biological cells. It has not yet been determined whether
the impact of short pulses on biological cells is a conductive or a
purely dielectric effect. The influence of conductivity found here
supports the fact that charges still play a role, even with 12-ns
pulses. Finally, it should be noted that the influence of the type of
ions and, in particular, the impact of their mobility has not yet been
investigated. This will be an important step towards understanding
the impact of pulsed electric field on biological cells.
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