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Background: Applications of cell electropermeabilization are rapidly growing but basic concepts are still unclear.
In particular, the impact of electric pulse repetition rate in the efficiency of permeabilization has not yet been
understood.
Methods: The impact of electric pulse repetition rate in the efficiency of permeabilization was analyzed in exper-
iments performed onpotato tissue and partially transposed onmice liver. On potato tissue, pulseswith durations
of 100 μs or 10 ns are applied. The intensity of permeabilizationwas quantified bymeans of bioimpedance chang-
es and electric current measurements and a new index was defined.
Results: For the two pulse durations tested, very low repetition rates (below 0.1 Hz) are much more efficient to
achieve cell permeabilization in potato tissue. In mice liver, using 100 μs pulses, the influence of the repetition
rate is more complex. Indeed, repetition rates of 1 Hz and 10 Hz are more efficient than 100 Hz or 1 kHz, but
not the repetition rate of 0.1 Hz for which there is an impact of the living mice organism response.
Conclusions: We propose that the effects reported here might be caused by an electroporation-induced cell
membrane ‘electro-desensitization’ which requires seconds to dissipate due to membrane resealing.
General significance: This study not only reinforces previous observations, butmoreover it sustains a new concept
of ‘electro-desensitization’which is thefirst unifyingmechanism enabling to explain all the results obtained until
now both in vitro and in vivo, with long and short pulses.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Electropermeabilization, or electroporation, names the phenome-
non bywhich cellmembrane permeability increaseswhen the cell is ex-
posed to short and intense electric pulses [1]. Depending on the field
intensity, the duration of the pulses or the number of pulses applied,
the permeabilization can be either transient and reversible (which is
useful for drug delivery or gene transfection [2–5]) or irreversible, lead-
ing to the death of the cell (which is used among other applications for
tissue ablation [6,7] or bacterial inactivation [8–10]). Some standard
values of the electric pulses (e.g.: 100 μs, 1 kV/cm for reversible

electroporation of mammalian cells in suspension) are often used
since they were proven to be very efficient. However, many combina-
tions can result in the same final state of the cell even though it is diffi-
cult to give an exact rule regarding the relationship between the pulse
parameters and the effects on the cells. It has appeared in many reports
that a series of short pulses led to higher permeabilization than one sin-
gle long pulse even if this pulse lasts as long as the cumulated duration
of the series of shorter pulses [1]. For example, in almost all the
electrochemotherapy treatments, as reported in the StandardOperating
Protocols of Electrochemotherapy, eight pulses are applied instead
of one [11]. Naturally, this observation has led to study the impact of
the repetition rate used when a given number of pulses are delivered.
Different studies in vitro [1,12–15], in vivo [7,16] and in plants [17,18]
have indeed shown an impact of the repetition rate. Generally it appears
that low rates are more efficient than high ones. However, there are up
to now very few clues on whether an optimal rate does exist and on the
mechanisms that could explain the impact of the repetition rate.
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More recently, different groups have shown that cell membrane
permeabilization can be obtained by the application of pulses of only a
few nanoseconds duration. The question of the impact of the repetition
rate for such pulses has already been addressed in an in vitro study [13].
Authors have shown that for pulse duration ranging from 300 ns to 9 μs,
the survival rate of cells exposed in suspension decreases when
the repetition rate decreases. The authors proposed a concept of
electrosensitation. Other in vitro studies have also pointed to an impact
of the repetition rate during exposure to nanosecond pulses. They indi-
cate either a higher efficiency of high repetition rate [19] or the exis-
tence of an optimal rate [20].

The objective of this study was to test the impact of the repeti-
tion rate but on a completely different model. We investigated the
permeabilization of tissues by measuring the changes of electrical
bioimpedance.We compared, on potato tuber, the permeabilization ob-
tained by two types of pulses with duration of either 100 μs or 10 ns.
They will be referred to as microsecond pulses (or micropulses) and
nanosecond pulses (or nanopulses) respectively. In addition, the repeti-
tion rate impact on permeabilization in mice liver was investigated
using micropulses.

2. Materials and methods

2.1. Microsecond pulse generator

Square-wave microsecond pulses were delivered by an electropora-
tion power supply (Cliniporator™, Igea, Carpi, Italy) able to apply high-
voltage pulses with repetition rates ranging from 1 Hz to 7 kHz. To ob-
tain pulse repetition rates lower than 1 Hz, single pulses weremanually
triggered by the operator at the appropriate rate.

2.2. Nanosecond pulse generator

The generator used to expose the potato samples to nanosecond
pulses was a commercial generator (FID Technology FPG 10-30MS,
Russia) supplied with a DC source (Delta Electronika ES 0.300-0.45). It
has four 100 Ω outputs that were connected by pairs in series and
then globally in parallel.

In order to take into account the distortion of the electric field
induced by wave reflection on the potato sample itself, the exact field
applied was systematically measured using a D-dot probe directly
mounted in the electrodes as described in [21].

2.3. Bioimpedance measurement system

In experiments designed to account for permeabilization, low signal
impedance measurements from 100 Hz to 400 kHz were performed
with the Bluetooth bioimpedance measurement system custom devel-
oped by the Centre Nacional de Microelectrònica (CNM, Barcelona,
Spain) [22].

2.4. Potato sample preparation and treatment

Standard potatoes were bought from the local supermarket. Slices
of 5 mm homogeneous thickness were first prepared and then small
cylinders of 5 mm diameter were punched out from the peripheral
part of the potato slice. Impedance measurements were performed
with a four needle electrode set-up. The four needle electrodes (diame-
ter 0.3 mm, length 4 mm) are arranged in a row with a 1 mm distance
between each other. After the first impedancemeasurement the sample
was placed between two stainless steel plate electrodes separated by a
distance of 5 mm that were used to deliver the pulses. Immediately
after the last pulse, the potato sample was removed from the plate elec-
trodes and the impedance was measured again with the four needle
electrodes at 7 s and 80 s after the last pulse.

2.5. Propidium iodide staining

Potato samples (previously cut at the right dimensions) were dipped
for 24 h in a solution of PBS (Life Technologies, ref 14200-083) containing
0.1 mM propidium iodide. Samples were pulsed and, 1 min later, thin
slices (thinner than 1 mm) were manually cut with a razor blade and
placed on amicroscope slide. Observationsweremade under an inverted
microscope (Zeiss, Axiovert S100) at a magnification of ×10 and images
were acquired with a CCD video camera (Zeiss, Axiocam HRc).

2.6. Surgical process for liver treatment

Very young nude Swiss mice were obtained from local production
in the animal facility of Gustave Roussy. All the used animals were
handled, and then sacrificed in the animal housing facility of Gustave
Roussy according to the Experimental Animal Ethics Committees Guide-
lines and received the agreement of the CEEA26 committee. Mice of age
between 8 and 10 days were used for these experiments as the size of
their liver allowed to conveniently place it completely between the
two plate electrodes separated by a distance of 2 mm. Mice were first
anesthetized with a dose of 10 μl per g body weight of a mixture com-
posed of xylazine 12.5 mg/kg (Bayer Pharma, Puteaux, France) and ke-
tamine 125 mg/kg (Parke Davis, Courbevoie, France). The anesthetizing
mixture was injected intraperitoneally. An incision was performed in
the upper median abdominal (or epigastric) region of the anesthetized
animal, and then the liver was pulled out gently and positioned in be-
tween the plate electrodes. The setup was performed in such a manner
that movements were not possible during the procedure for the liver
impedance measurement. A first electrical impedance measurement
between the two stainless steel plate electrodes was performed and
then, after disconnecting the impedance meter, the pulses were applied
using the same electrodes. Approximately 5 s after the last pulse, elec-
trodes were manually connected back to the impedance meter and the
impedance was measured again. Voltage and current during pulses
were systematically recorded.

3. Detectionof permeabilizationof tissue by electricalmeasurements:
models and correlations established before data collection

3.1. Impedance of a biological tissue (bioimpedance)

Electrical passive properties of biological tissues have been described
with very good precision up to severalmegahertz [23]. A simple electrical
model of a biological tissue, adapted from [24,25], is presented in Fig. 1. It
consists in a resistance (Rext [ohm, Ω]) in parallel with a capacitance (Cw
[farad, F]) and with a series association of a capacitance (Cm [farad, F])
and a resistance (Rint [ohm, Ω]). The resistances Rext and Rint are directly
linked to the conductive properties of the extracellular and intracellular
media respectively which are both ionic solutions. The capacitance Cm
represents the dielectric properties of the membranes of cells. In order
to have a good representation of the impedance of biological sample, it

Fig. 1.An electrical model to interpret tissue bioimpedancemeasurements. The part of the
model delimited by dotted lines describes the passive properties of the biological tissue.
The additional capacitor Cchem is the electrochemical capacitance of the electrodes.
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