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Abstract

In vivo cell electroporation is the basis of DNA electrotransfer, an efficient method for non-viral gene therapy using naked DNA. The electric
pulses have two roles, to permeabilize the target cell plasma membrane and to transport the DNA towards or across the permeabilized membrane by
electrophoresis. For efficient electrotransfer, reversible undamaging target cell permeabilization is mandatory. We report the possibility to monitor in
vivo cell electroporation during pulse delivery, and to adjust the electric field strength on real time, within a few microseconds after the beginning of
the pulse, to ensure efficacy and safety of the procedure. A control algorithm was elaborated, implemented in a prototype device and tested in
luciferase gene electrotransfer to mice muscles. Controlled pulses resulted in protection of the tissue and high levels of luciferase in gene transfer
experiments where uncorrected excessive applied voltages lead to intense muscle damage and consecutive loss of luciferase gene expression.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Biotechnological and biomedical applications of in vivo deli-
very of short high voltage pulses, like in vivo DNA electro-
transfer, also termed electrogenetherapy, are rapidly developing
[1-5]. For efficient in vivo gene transfer, it is necessary to inject
DNA into the tissue and to achieve cell plasma membrane per-
meabilization [6]. Increased membrane permeability results from
supraphysiological transmembrane voltages induced by external
electric pulses [7-9]. Mechanisms of DNA electrotransfer in vivo
have recently been described [6,10]. The two key steps are the
permeabilization of the target cells plasma membrane by electro-
poration and the electrophoresis of the DNA within the tissue.
These two effects can be obtained separately using the appropriate
sequence of electric pulses: short (100 ps) square-wave high
voltage pulses (HV) that permeabilize the cells without subs-
tantial DNA transport to the cells and long (100 ms) low voltage
pulses (LV), that are instrumental in facilitating the DNA transfer
into the cells [6]. Even though gene transfer efficacy, measured by
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gene expression level, depends on the characteristics of the elec-
trophoretic long low voltage pulse, target cell permeabilization is
mandatory for efficient gene transfer. Moreover, for a safe gene
transfer, electropermeabilization, also termed electroporation,
must be reversible, that is not excessive, in order to avoid per-
manent cell damage. Optimal parameters for in vivo electropora-
tion can be determined using in vivo tests for cell permeabilization
[11] after the pulse, like the one based on 51Cr-EDTA uptake [12],
and by using mathematical modeling to determine electric field
distribution [13,14]. However, it would be much better to control
cell permeabilization during the pulse delivery in order to ascer-
tain that (reversible) cell permeabilization will be actually achie-
ved at the end of the pulse, as well as to prevent excessive
(irreversible) permeabilization [11,13,15]. Real time control of
electroporation appears thus critical for this non-viral gene trans-
fection method that has many advantages with respect to viral
methods.

Here, we report that in vivo electroporation can be precisely
computer-controlled to ascertain that permeabilization will be
achieved at the end of the pulse, while at the same time permanent
cell damage is prevented. We demonstrate that the temporal
progression of tissue electroporation can be detected in real time
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at the beginning of the pulse on the basis of current and voltage
measurements made during pulse delivery to tissues. Then,
adjustment of the pulse voltage in real time ensures cell membrane
reversible permeabilization, which is necessary for efficient in
vivo DNA electrotransfer. Using optimized LV parameters, real
time control of HV, as reported here, results then in safe and
efficient gene transfer.

2. Materials and methods

Female Wistar rats (Janvier) were handled according to
recommended good practices [16] and institutional ethics rules
for animal experimentation. They were anesthetized by means
of the intraperitoneal administration of Ketamine (100 mg/kg;
Panpharma) and Xylazine (10 mg/kg; Bayer). Pulses were
directly delivered to rat skeletal muscle and liver through two
plate electrodes placed as shown in Fig. la. Plate electrodes
consisted of two parallel metal plates, separated by 5.7 mm for
skeletal muscles and by 4.4 mm for liver. One experiment per
rat extremity (triceps brachii muscle of the hind limb and
gastrocnemius medialis muscle of the forelimb) was performed.
Liver tissue was accessed by midventral incision in the
abdominal wall which was sewed up after pulses application.
To parallel the liver treatment, electrodes were applied directly
on the skeletal muscles after incision of the skin in the back part
of the limb. Four separate sites were exposed to the electric
pulses in each rat liver. Good contact between the electrodes and
tissue was assured by a conductive gel (EKO-GEL, Egna).

In experiments reported in Figs. 2 and 3, 8 square-wave
pulses of 100 ps duration were delivered at a repetition
frequency of 1 Hz by a PS 15 electropulsator (Jouan). Rise time
of the pulses was 0.6 to 2.1 us while fall time was 2 us. High
voltage probe PK 2 kV (LeCroy), coil wide band current
transformer model 5124 (Pearson Electronics) and digital
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oscilloscope (Waverunner, LeCroy) were used to measure
store voltage and current for 200 ps after the beginning of each
of the eight pulses with sampling rate between 25 and
100 MSamples/s (Fig. 2a). Each current sample was divided
by the corresponding voltage sample to yield conductance (g=1/
U). Conductance was defined only when voltage was nonzero
(Fig. 2b). For muscle, amplitude of the voltage pulses was
varied from 50 to 320 V and for liver from 50 to 550 V.

The electric field strength in the tissue was estimated using a
finite element numerical model of the electric field distribution
in muscle and liver (Fig. 1b) that we have previously validated
in experiments in rabbit liver [13]. Electric field strength
calculations were made with a commercial program (EMAS,
Ansoft, USA) [17].

200 pl of 3'Cr-EDTA (Amersham) with a specific activity of
3.7 MBg/ml were injected intravenously, 5 or 4 min before the
electric pulses delivery to muscle or liver respectively. The
injected *'Cr-EDTA distributes freely in the vascular and
extracellular compartments, but does not enter the intracellular
compartments unless access is provided, e.g. by electroporation.
Animals were sacrificed 24 h after >'Cr-EDTA injection.
Tissues exposed to electric pulses were taken out, weighed and
counted in a Cobra 5002 gammacounter (Packard Instruments).
The net >'Cr-EDTA uptake as a result of electropermeabiliza-
tion was calculated as the measured activity (converted to
nanomoles of >'Cr-EDTA) per gram of the tissue exposed to the
electric pulses. ' Cr-EDTA uptakes were used to calculate mean
values of uptake (+ SEM) as a function of the ratio of the
applied voltage to electrodes distance, in the rat skeletal muscle
and in liver. Solid (muscle), dashed (liver) and dotted (muscle,
transcutaneous pulses) lines in Fig. 3a present linear regressions
to field intensities corresponding to low uptake values,
increasing uptake values, and decreasing uptake values. Electric
field strength threshold values of reversible and irreversible
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Fig. 1. Electrode positioning and electric field strength distribution. (a) Electrode positioning in rat skeletal muscle and liver (left lobe appears on the right side as
animals are lying on the back for the surgical access to the liver). (b) Estimated electric field strength distributions calculated by the finite elements method are
presented in cross sections of muscle and liver tissues between the two plate electrodes. Electric field strength (E) is reported as percent of the applied voltage (U) to

electrode distance (d) ratio.
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Fig. 2. Electrical properties of tissues during the pulse. (a) Voltage and current
traces for below reversible (dashed line) and reversible electroporation settings
(solid line). (b) Conductance (g=1/U) of muscle and liver tissue during the pulse.
The electric field strength reported is the ratio of the applied voltage to
electrodes distance (U/d).

electroporation were determined as the field intensities
corresponding to intersections of consecutive linear regressions.

For the demonstration of the efficacy of the proposed algo-
rithm for real time electroporation control (Fig. 4) appropriate
software was developed and installed in a Cliniporator™ (IGEA)
instrument that was then used to deliver voltage pulses (amplitude
600 V and duration 100 ps) to rabbit skeletal muscle ex-vivo
through two plate electrodes. The Cliniporator™ not only
delivers pulses but it also measures current and voltage during
the pulse with sampling rate 10 MSamples/s as well as it processes
measured data in real time. The same instrument was then used in
DNA electrotransfer demonstration.

pCMV-Luc+ plasmid containing the cytomegalovirus
(CMV) promoter of pcDNA3 (nucleotides 229-890, Invitro-
gen) inserted upstream of the coding sequence of the firefly
luciferase (photinus pyralis) of the pGL2-Basic Vector plasmid
(pGL2-Basic Vector, Cat. E1641, Promega) was prepared using
the EndoFree Plasmid Giga Kit (QIAGEN). 10 pg of plasmid in

20 pl of PBS were locally injected in the tibial cranial muscle of
anesthetized Swiss male mice 10 to 11 weeks old. Using plate
electrodes of 5 mm distance, the following transcutaneous
electric pulses were delivered using the Cliniporator™: one
pulse of 100 ps duration and amplitude 900 V (reduced by
algorithm to 460 V) followed by one pulse of 400 ms and 40 V
(80 V/em) [6]. Mice were sacrificed 7 days after DNA injection.
Muscles were removed, weighted, and put in one tube of lysing
matrix (Bio 101 Systems Lysing Matrix A tube, Qbiogene)
containing 1 ml of chilled cell culture lysis reagent solution.
This solution was prepared by mixing 10 ml of 5X cell culture
lysis reagent (Promega) with 40 ml distilled water supplemented
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Fig. 3. Reversible and irreversible electric field strength threshold values and
parameters for detection of tissue permeabilization. (a) Mean values of *>'Cr-
EDTA uptake (+SEM) as a function of electric field strength (E) reported as ratio
of the applied voltage (U) to electrodes distance (d), in the rat skeletal muscle
without the skin (closed circles) and liver (open circles). The >'Cr-EDTA uptake
results for the rat skeletal muscle with the skin are presented with closed squares.
The reversible electroporation range is graphically displayed in each of the
panels, respectively, for the liver and the rat muscle without the skin. Each
current sample was divided by the corresponding voltage sample to yield
conductance (g=1/U). Parameters for detection of tissue permeabilization are:
(b) time elapsed from pulse beginning to minimal conductance as a function of
electric field strength, for rat muscle and liver. (¢) Conductance maximal slope
versus time. (d) Conductance change during the pulse (same symbols).
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Fig. 4. Demonstration of the algorithm for safe electropermeabilization. Voltage
(a), current (b) and conductance (c) traces are presented with solid lines when the
algorithm for irreversible electropermeabilization detection was activated and
with dashed lines when the algorithm was not active.

with one tablet of protease inhibitor cocktail (Boehringer
Mannheim). Muscles were then disrupted using a high-speed
benchtop homogenizer (FastPrep® Instrument, Qbiogene). After
the lysis the tubes were centrifugated at 12,000 rpm for 10 min.
We measured the luciferase activity on 20 pl of the supernatant,
using a Lumat LB 9507 luminometer (Berthold France S.A.), by
integration of the light produced during 10 s, starting after the
addition of 100 pl of Luciferase Assay Substrate (Promega) to the
sample lysate. We collected the results from the luminometer in
relative light units (RLU). Calibration with purified firefly
luciferase protein was used to express the final results as
picograms of luciferase per muscle. Serum levels of creatinin
kinase (CK), a marker of muscle injury, were measured in 100 pul
of blood plasma using a Synchron LX®i 725 Clinical System
(Beckman Coulter).

3. Results

Electrical properties of biological tissues are complex and
can be modeled by various equivalent electrical circuits
composed of capacitors and resistors or by finite elements
method to estimate electric field strength distribution in tissue.
Fig. 1 displays the experimental settings used on muscle and on
liver and the corresponding numerical models. Data shows that
in the tissue encompassed by the electrodes, more than 68% of
the muscle and more than 81% of the liver was exposed to an
electric field strength (£ 10%) equivalent to the ratio of the
applied voltage to the electrodes distance. It is thus acceptable,

in these particular experimental conditions, to consider that
electric field strength distribution is sufficiently homogeneous
to refer to the electric field strength in the tissue by the value of
the ratio of the applied voltage to the electrodes distance.

The electrical current response to a low voltage pulse (no
electropermeabilization) applied to the tissue consists of a rapid
initial current increase followed by an exponential decrease, as
“capacitors” are charging, and a constant level of current after
“capacitors” are fully charged, suggesting that the “capacitors”
were charged in a few microseconds (Fig. 2a). When the pulse
voltage was high enough to permeabilize the tissue, the current
was found to further increase during the pulse, as the conduc-
tivity of permeabilized tissue increased [18-21] (Fig. 2a).
Indeed, unless cells are permeabilized all current passes around
the cells, while permeabilization provides additional current
paths so the total current increases. Time dynamics of the
current increase during the pulse depends on the pulse voltage;
however, at our pulse length current always reaches constant
level before the pulse ends. In order to analyze these changes
independently of pulse voltage, conductance (g), which is the
ratio current/voltage, was calculated (Fig. 2b).

Tissue permeabilization was quantified using the 51Cr—EDTA
uptake method [12] on the same samples in which current and
voltage were recorded, after we demonstrated that 51Cr—EDTA
injection did not modify the time course of g (data not shown).
Under control conditions (no electric field applied) the average
uptake in the liver was 0.073+£0.010 nmol/g (mean=std.dev.),
while in muscle it was 0.003+£0.002 nmol/g, indicating that
almost all molecules were washed out from the skeletal muscle in
24 h, while liver tissue was still retaining some 51Cr—EDTA. The
51Cr—EDTA enters the cells and remains entrapped inside the
cells only if cells are reversibly permeabilized (if cells are irre-
versibly permeabilized, the 51Cr—EDTA leaks out of the cells). In
rat skeletal muscle directly exposed to the electric pulses, 51Cr—
EDTA retention 24 h after the injection significantly increased at
field intensities above 220 V/cm (Fig. 3a). Uptake increased with
increasing electric field intensity until 430 V/cm. When the field
intensity was further increased, uptake was significantly reduced,
which reflects the onset of irreversible permeabilization. For
transcutaneous pulses, uptake in the skeletal muscle showed the
same pattern but at higher field strengths (Fig. 3a). Uptake results
in rat liver were much more scattered than in skeletal muscle and
statistical analysis in liver did not reveal significant uptake
changes. Nevertheless, a clear increase of uptake in liver was
found at field intensities above 350 V/cm, with maximum uptake
at 600 V/cm and decreasing uptake at higher field intensities.

Time courses of g for rat muscle and liver at various electric
field intensities are presented in Fig. 2b. At permeabilizing elec-
tric field intensities, it can be seen that, after a very fast rise and a
fast decrease (transient which is result of charging of the tissue
“capacitors”), g is then increasing during the rest of the pulse
delivery, and furthermore increases faster and reaches higher
levels at higher electric field intensities. We decided to relate
dynamics of g during the pulse to the level of tissue electro-
permeabilization and to seek for reliable parameters linking
dynamics of g to the tissue electropermeabilization level. Detailed
mathematical analysis of g time courses was performed and many
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parameters of this curves plotted as a function of the applied field
strength. The following parameters (Fig. 3b, ¢ and d) showed clear
relationship with permeabilization levels and could be used for
real time pulse control: (1) the time elapsed from the pulse
beginning to the minimal value of g (#(gn,) in ps) (Fig. 3b),
(2) the slope of g versus time normalized to the g value at the time
of calculation at #>#(g;i,) (dg/df in %/us) (Fig. 3c), (3) the total
change in g values, describing the percent difference between g at
the end of pulse and the minimal g (Ag in % of g at the end of
pulse) (Fig. 3d).

As for the minimum, the following control algorithm can be
proposed: (1) if the minimum is detected at time periods shorter
than 1.8 ps and 6.2 ps after pulse application to rat skeletal
muscle and liver, respectively (Fig. 3b), the electric field
intensity is too high and should be lowered in order to assure no
irreversible tissue damages related to irreversible membrane
permeabilization; (2) if the minimum is detected at time periods
longer than 6.2 ps in muscle and 25 ps in liver after the pulse
beginning, electric field intensity has to be increased to obtain
tissue permeabilization.

If the minimum is found within the expected time interval,
the electroporation process can also be monitored later. Indeed,
the slope of g versus time calculated in real time after the
minimum can be used to verify the tissue electropermeabiliza-
tion and that the process is reversible. The algorithm should
then consider that a slope for rat skeletal muscle between 0.30
and 3.30%/ps assures that tissue will be reversibly permeabi-
lized with eight 100 ps long pulses (Fig. 3c). The slope should
fall within a range of 0.08 and 0.28%/ps for liver. If the slope is
not in the expected range, pulse delivery should be readjusted.
Thus, combinations of controls based on the time of the
minimum and on slope measurement can be used for real time
pulse adjustment.

Of course, after the first pulse is completely delivered, an
a posteriori validation could be performed as suggested by
Davalos et al. [22]. A g change during the pulse in the range
between 9.6% and 31.8% for muscle and in the range between
2.9% and 9.0% for liver assures that tissue was reversibly
electropermeabilized (Fig. 3c). Lower values indicate insuffi-
cient permeabilization whereas higher values indicate irrevers-
ible damages.

Appropriate software can determine and process #(g ;) and/
or dg/dt in us time range. Moreover, the high voltage generator
needs just few us to readjust the voltage. Thus no technical
barrier exists to implement this method for real time detection
and control of in vivo electropermeabilization. Our findings
were already implemented in a prototype device and demon-
strated ex-vivo on muscle tissue (Fig. 4). Using plate electrodes
with 0.6 cm distance, pulses of 600 V were delivered. The
prototype device was programmed to find minimal conduc-
tance, and when found, to calculate the conductance slope. The
algorithm was set to decrease the output voltage to a half
immediately after conductance slope exceeds 3.3%/ms. In the
ex vivo experiment the prototype found minimal conductance
at 2.4 ps after pulse beginning. With deactivated algorithm the
maximal conductance slope was 6.2%/ms. In the experiment
presented in Fig. 4, where electrodes were in direct contact with

the muscle, the slope exceeded threshold value 3.3%/ms at
t1=3.95 ps after pulse beginning. After only 0.7 ps the
microprocessor corrected the output voltage setting it to 300 V.

Even though the algorithm was determined and tested
ex vivo in the simplest experimental design (electrodes in direct
contact with the tissue, Fig. 1), we further demonstrated its use
in vivo in gene transfer experiments, where pulses are usually
delivered transcutaneously. The presence of the skin not only
introduces more complexity in the theoretical and numerical
analysis [23], but it also requires higher pulse amplitudes to
achieve permeabilization levels comparable to those achieved
with electrodes in direct contact with the muscle (the reversible
permeabilization threshold for rat muscle with the skin was
460 V/cm and the irreversible permeabilization threshold was
790 V/cm at 8 times 100 ps pulse parameters, Fig. 3a). DNA
coding for the firefly luciferase was injected in the tibialis
cranialis muscle in mice and, to permeabilize the muscle, one
900 V transcutaneous pulse was applied to the mice leg using
external electrodes 5 mm apart. This field strength was applied
as being excessive while the reduction in 50% imposed by the
algorithm is close to the optimal predicted values according to
Fig. 3a. This permeabilizing pulse was followed by one electro-
phoretic pulse of 400 ms to allow DNA uptake by the electro-
permeabilized muscle fibres [6]. In a preliminary experiment,
the muscles exposed to 900 V pulses without activation of the
algorithm (900/900 muscles, n=2) gave a luciferase expression
level (1.02+1.44 pg of luciferase/muscle) 200 times lower than
the muscles exposed to 900 V pulses with the activated algorithm
(900/460 muscles, n=3; 202+ 134 pg of luciferase/muscle). Data
is expressed in pg of luciferase/muscle because the muscles
exposed to uncorrected 900 V pulses were damaged and their
weight significantly (p<0.05) reduced by 46% (at an average
of 64+23 mg per muscle) with respect to the 900/460 muscles
(119+17 mg per muscle). In the second experiment (n=4 in
both groups) the luciferase expression level in the 900/900
muscles (34+21 pg of luciferase/muscle) was significantly lower
(60 times; p < 0.05) than in the 900/460 muscles (2064+1181 pg
of luciferase/muscle). The reduction of the weight of the 900/900
muscles was less severe than in the preliminary experiment (of
12% only, at 103+11 mg versus 117+14 mg in the 900/460
muscles). In this second experiment, we also measured the serum
levels of creatinin kinase (CK, a marker of muscle injury) three
days after the electric treatment: the CK levels in the 900/900 mice
(183+23 TU/1) were significantly (»p<0.01) higher than those of
the 900/460 mice (107+30 IU/1). Both the CK levels and muscle
weight loss show that the algorithm activation largely protected
the muscles from the damages of muscle exposure to excessive
field strength. This protection also allows maintaining high levels
of expression of the electrotransferred gene.

4. Discussion

In our study we describe and demonstrated a real time
detection method of tissue permeabilization. Current and voltage
recording during the pulse is easy and can be analyzed in real
time. To our knowledge, no other available approach can be used
to adjust the pulse voltage in real time in order to ascertain the
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achievement of reversible tissue permeabilization. Electrical
impedance tomography [22] using a single frequency record
requires calculations that can only be completed after the end of
the pulse. Tissue impedance changes at various frequencies or
even at single frequency in the range up to 100 kHz cannot be
acquired in less than 100 ps. Thus they are only interesting for
postpulse versus prepulse comparisons, provided of course that
no position changes of the electrodes occur during the pulse. At
least for muscle electroporation, it is very difficult to avoid such
changes due to muscle contraction during pulse delivery.

Analysis of electrical parameters was performed on the first
pulse only, while electroporation level was determined based on
a train of eight pulses. In fact, current/voltage changes were
recorded for the eight pulses using the segmentation function of
the oscilloscope and similar variations were observed in the
eight pulses of a given train of pulses (data not shown). Thus, to
achieve the expected electroporation level it is sufficient to
measure the parameters of the first pulse, to adjust them in real
time as proposed above and then to administer seven additional
pulses [21]. Alternatively the high voltage pulse can be followed
by low voltage electrophoretic pulses for DNA transfection [6].
One of the advantages of being able to check electropermeabi-
lization level after one pulse instead of after a full sequence is
that it could minimize discomfort to a patient.

The electric field strength threshold values for reversible and
irreversible permeabilization are in agreement with previously
reported knowledge. In a previous study [13], we used needle
electrodes in rabbit liver and calculated the electric field
strength distribution in the tissue by numerical modeling. Based
on biological observations of drug delivery in in vivo experiments
we determined the reversible (362+21 V/cm) and irreversible
(637+43 V/cm) electric field strength threshold values for rabbit
liver. These values are almost identical to our present measure-
ments in rat liver. Threshold values are considerably lower in rat
muscle than in rat liver (Fig. 3a). This can be explained by the fact
that the liver cells, smaller, must be exposed to a higher electric
field intensity than the skeletal muscle cells, larger, to induce the
same transmembrane voltage in agreement with Schwan’s equa-
tion [24] as well as with more recent determinations of the
transmembrane potential changes on spheroidal cells [25,26].
Previous threshold determinations in skeletal muscle were
performed in mice, using transcutaneous pulses [11,12]. In fact
our parallel determinations in rats using transcutaneous pulses
(data not shown) demonstrate that thresholds in skeletal muscle
with skin are almost identical in rats (550 V/cm) and in mice
(530 V/cm). We can conclude that differences between tissues are
much larger than differences between species, at least among the
common laboratory animals. Thus it can be speculated that the
algorithm, with minor adaptations, could also operate in larger
animals and even in humans.

In summary, as we demonstrated, it is possible to achieve
electric pulses safe delivery by real time voltage control. Safer
(controlled) electropermeabilizing pulses actually resulted in the
protection of the tissue in gene transfer experiments where
excessive applied voltages lead to intense muscle damage and loss
of the efficacy of the gene transfer. Thus safe gene electrotransfer
can be achieved without the need of previous precise tuning of the

experimental conditions, a situation that can be very useful in the
clinical settings.

Electrogenetherapy is one of the most efficient non-viral
approaches for gene therapy [3—5]. It was already considered a
safe method because naked DNA is not immunogenic (unlike
adenoviruses in particular) and plasmid DNA does not need to
contain insertion promoting sequences (like the retroviral and
lentiviral vectors) which can result in deleterious insertional
mutagenesis [27]. Moreover, DNA electrotransfer can be
accomplished using devices that are already used on human
cancer patients to deliver cytotoxic molecules like bleomycin
and cisplatin to solid tumors by electrochemotherapy [28—31].
Thus all elements are available for safe and widespread use of
this efficient technology and for implementing the use of genes
for biomedical purposes in the post human genomic era [32].
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