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ntrolled electropermeabilization as requested for electrochemotherapy and
electrogenotherapy, it is very important to have informations about the electric field distribution provided
by a defined set of electrodes. Computer simulations using the finite element models approach predicted the
associated field distributions and currents. Phantoms made of gels with well-defined electrical conductance
were used to measure the current responses of a new electrode geometry (wires), A good agreement
between the measured and predicted currents was observed supporting the validity of the prediction for the
field distribution.
Field distribution was observed to be very localized and highly homogeneous with the new concept of
contact wire electrodes. They allowed to focus the field effect along the surface of the tissue to induce a
controlled release of drugs or plasmids. Non invasive (contact) electrodes can be moved rapidly on the body
and avoid puncturing the skin and the tissue. They can be used for large surface effects, to treat the skin and
subcutaneous tumors. The use of contact electrodes after drug or DNA intradermal injection were validated
by clinical treatment of large surface skin tumors and by in vivo imaging of permeabilization or of gene
expression.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Cell treatment with high intensity electric field pulses provokes a
change in the membrane structure leading to a loss of its barrier
function, a phenomenon called electropermeabilization or “electro-
poration” [11,23]. By a proper choice of the parameters of the applied
electric field (i.e. amplitude, pulse duration and number of pulses),
this change in the membrane permeability can be reversible
preserving cell viability or irreversible leading to cell death. Electro-
permeabilization brought the technical possibility to introduce (load)
exogenous compounds (drugs, plasmids) into cells. It is now used as a
very efficient way for drug, oligonucleotide, antibody and plasmid
delivery in vitro and in vivo for clinical applications [11,23].

Electrotransfer of plasmids has been performed in vivo on several
tissue types including skin, liver, tumor, muscle, brain, testis and
spleen [2,5,15,18,24,29,34]. Many studies have now shown that
plasmid electrotransfer can lead to a long-lasting therapeutic effect
in various pathologies, such as cancer, blood disease, or muscle
ischemia. These have been reviewed in [3,6,14,20] Clinical develop-
l rights reserved.
ments are obtained under optimized electrical conditions [35]. The
local field strength appears as the critical parameter for in vivo studies
[8,12,28]. Its value must be larger than a threshold to trigger the
permeabilization process but below a value inducing irreversible
damages. These biological effects are under control of the pulse
duration. Therefore application of square wave pulses appears the
most suitable. Field effects on cells in tissue are rather similar from
what is obtained for cells in suspension. They nevertheless depend on
the cell density [25] and on the different shapes of cells [36]. The local
field strength remains the critical parameter [35]. It is the field
distribution in the tissue which is important [1,21,20].

While field distribution is homogeneous when diluted cells are
pulsed in suspension between parallel plate electrodes, the problem is
much more complex in tissue. As the field results from a voltage
applied between two electrodes, the electrode configuration is clearly
controlling the field distribution and therefore the effective uptake.
Various electrode configurations for therapeutic purposes are avail-
able such as parallel plates, wire and contact plate electrodes [9] as
well as needle electrodes and needle arrays [13,19,27,37].

Electrode configuration influences the electric field distribution in
tissue. Needles are popular but mechanically invasive and the
associated field distribution is very heterogeneous [4,17,22]. They
were shown to induce local burning due to their very high current
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density close to the electrode surface. Joule heating can therefore be
very high [26]. Parallel plates are rather popular when their use is
possible as when pulsing mouse thigh muscle [7] or when skin
pinching is possible [5,29]. Meander electrodes affect the stratum
corneum (SC) and support transdermal delivery [17].

It is therefore necessary to choose appropriate electrode config-
uration for the particular target tissue before it is exposed to therapy.
In order to obtain such information, electric field distribution in tissue
has to be computed in advance by means of modeling. Due to tissue
complexity, analytical solution of such problem is almost impossible.
Therefore in most cases numerical modeling techniques are used.
Mostly finite element method and finite difference methods are
applied [31]. Both numerical methods have been successfully used and
also validated by comparison of computed measured electric field
distribution and associated consequences in tissues [32]. Finite
element model validation by computed reaction current was used
only very recently [32]. Current measurement is much faster than
imaging method, which can be used to obtain electric field distribu-
tion in tissue. Therefore we selected the finite element model
validation with experimental current measurements as a fast method
of model validation.

But it is also well known that numerical methods are computa-
tionally demanding. Therefore, it is required to search for simplifica-
tions in modeling process which can decrease computational efforts
and at the same time preserve the accuracy of the result, i.e. electric
field distribution or current. Such simplifications can be performed
either on the description of electrodes or on the physical properties of
tissue. In this work, we have assumed simple shapes for electrodes
(polygonal rather than cylindrical). Tissues (in our case: dermis and
epidermis, the SC being by passed within a fewmicroseconds after the
pulse onset) were assumed to have a homogeneous conductivity and
soft gels prepared in saline buffers can be used as phantoms. This is
indeed in fair agreement with ex vivo direct observations where large
domains with homogeneous conductance are present in tumors [39].

Subcutaneous electropulsation is known to be relevant of clinical
applications (subcutaneous tumors) and for genotherapy (DNA
vaccines). It was predicted that contact wire electrodes should
provide targeting of the field effect under the skin. Contact wire
electrodes have been shown to be very convenient when large tissue
surfaces (several square centimeters) must be treated due to the ease
of their use [16,30].The field distribution from the simulation was
validated by comparing the current values given by the simulation and
their experimentally measured value (Fig. 1). Field lines were
definitively proved to be focused along the skin. These physical
predictions and conclusions were checked in vivo. As a conclusion,
contact wire electrodes offer an approach, where electropulsation in
Fig. 1. Electrical set up. The high voltage is applied between the two electrodes in
contact with the gel. The voltage and the current are recorded on line, digitized and
stored. The time course of their ratio gives access to the time change of the impedance
of the gel during the pulse.
vivo can be efficiently, easily and safely performed at the cutaneous
level.

2. Materials and methods

2.1. Tissue phantom

The cutaneous tissue is an ohmic conductor as soon as the stratum
corneum is electropermeabilized and as long as the tissue is not
destroyed by the field. Tissue phantomwas made of gelatin (2.4% w/v)
in phosphate buffer (concentration 20 mM, pH=7.4) and NaCl
(concentration 150 mM), with electrical parameters and character-
istics close to real tissue. This is actually a gel with some rigidity when
cooled. Due to moisture of the gel a good electrical contact was
attained with electrodes in direct contact with the gel. Fresh gel was
prepared from a buffer before each experiment and its conductivity
was measured (conductimeter Hanna HI8820N, Germany). Tissue
phantom conductivity was 1.5 S/m.

The phantom tissue was prepared in a Petri dish of 35-mm
diameter. The thickness of the gel was adjustable to 2, 4 or 6 mm,
depending on the requirements of the specific experiment. The
thickness of gel was controlled by pouring a given volume of the hot
liquid gel in the dish.

The voltage pulse was obtained with a high voltage square wave
pulse generator (CNRS Jouan PS 10, France) (Fig. 1). Voltage up to
1000 V can be delivered as long as the current was less than 8 A. On
this system, if a current surge exceeds this limiting value (8 A), an
automatic switch is triggered for safety reasons and the pulse is
discontinued. A resistor R was inserted in series with the electrode
array to be used to monitor the current. Both a fraction of the voltage
pulse delivered by the generator and the voltage across the resistor R
were digitized (8-bits resolution) and stored on line with a transient
recorder (Data Lab DL 905, UK). The stored signals were observed on
an oscilloscope or analyzed on a MacIntosh LCIII microcomputer
(Apple, USA) by using an ADA4 interface with an Excel subroutine. The
system was calibrated for the current by using an ohmic calibrated
high power resistor in place of the electrode-gel set up. Applied
voltage was in the range 100 V to 500 V, in increments of 100 V. The
pulse length was 0.1 ms (to limit Joule heating). By plotting U/I ratio
during the pulse application, material conductivity was observed to be
constant. A linear response of the systemwas observed for increasing
values of the applied voltage (up to 1000 V). In some experiments,
lower applied voltages (0 to 100 V) were studied with increments of
25 V. (Fig. 1)

Reproducibility of replicates accuracy in each experiment was
high. It was the reason to assume three replicates per experiment
were sufficient. Based on the fact that replicate results in all
experiments were very similar we can assume that random measure-
ment error was negligible.

2.2. Electrodes

Contact wires were two parallel stainless steel rods with a
diameter of 1 mm, a length from 10 to 20-mm at a distance ranging
from 4- to 9-mm for the different models (Figs. 2–5). Their penetration
in the gel (or the extent of their contact with the skin) can be adjusted
by exerting different pressures. A conductive gel was used to improve
the contact with the skin in the in vivo experiments [39].

2.3. Simulation: finite element method

A three-dimensional finite element model of a gel in Petri dish
with contact electrodes was designed using software package Emas
produced by ANSOFT Corporation.

The geometry under study was moderately complex, involving
few physical objects (gel, electrodes) with specific geometrical and



Fig. 2. Simulations and experiments with contact wire electrodes. A— drawing of the electrodes. B— field simulation: side and top views. Colour coding was used with the scale on the
right. Redmeans high local field and blue a low value. This is under the control of the applied voltage on the electrodes. C— picture of the electrodes. Thewidth between the twowires
is set at 9 mm. Their length is 20 mm. This is the model which is used for the simulation shown in B. D— current–voltage plot. They were obtained by using the procedure shown in
Fig. 1. A 100 µs controlled voltage pulse was applied on the electrodes in contact with the gel. Different gel thicknesses were used. The continuous lines were the simulation
predictions assuming an ohmic behaviour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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material properties. To simplify modeling and solution process the
basis of finite element approach is to divide the volume into many
finite elements, each with much simpler properties. In software
package EMAS, when automatic mesh generation is selected, these
elements have the shape of tetrahedrons. Material properties within
each element are uniform.

Our experimental model was described with equations for steady
electric current in volume conductor, due to the fact that constant
voltage was applied to homogenous and isotropic conductive
materials, i.e. gel. Steady electric current in volume conductor was
described by means of Laplace equation. Solution of Laplace equation
requires two types of boundary conditions, which are Dirichlet
boundary condition and Neumann boundary condition. The former
was defined as scalar normal electric potential on the surface of
electrodes (constant voltage) and the latter as the first derivative of
the scalar potential. In software package Emas v.4 Neumann boundary
condition is automatically set to zero due to the fact that the model is
surrounded by an ideal insulator.

Mesh was denser in regions around electrodes than at the edge of
the Petri dish. The reason for such meshing was the significantly
smaller dimensions of electrodes, than those of the surrounding gel.
Current densities were higher close to the electrodes. 8-faceted
electrodes were used [32]. In first experiments, they were immersed
by 0.5-mm in gel and in second experiments by only 0.25-mm.

2.4. In vivo dye or DNA delivery

All experiments on mice were performed in agreement with the
recommendations of the ethical committee of the CNRS.

Fur was removed with a depilatory lotion (Veet, France) two days
before experiments. Animals were kept under isoflurane/air anesthe-
sia during the whole procedure. A predetermined amount plasmid
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DNA (coding for a Ds Red2 fluorescent protein under a CMV promoter)
in PBS solution (0.5 µg/µl of plasmid) was injected ID under the skin
The volume of DNA, kept constant at 20 µl in mice, was injected with a
Hamilton syringe through a 26G needle (Hamilton, Bonaduz, Switzer-
land). Electrotreatments were applied by bringing the electrodes
(d=6 mm) directly in contact with the skin of the animal back apart at
the injection site. Contact between the electrodes and the skin was
assured by a conductive gel and maintained by gently pressing
electrodes against the skin during pulse delivery. A 60 mm2 skin
surface was submitted to the field. The electric field was applied as a
train of repetitive square wave pulses A voltage ranging between 60
and 240 V was applied along eight 20 ms square wave pulses with
polarity inversion between each pulse at 1 Hz.

2.5. In vivo fluorescence optical imaging

Visualization of fluorescent protein expression is obtained with a
fluorescence stereoscope (Leica Model LZIII) equipped with a cooled
CCD camera (Roper coolsnap fx). A conventional light source (Arc
mercury lamp) and the filter set give the proper illumination [43].
Expression was followed on the same animal over several weeks after
electrical gene transfer. Animals were kept anaesthetized during the
imaging procedure. They were simply brought on the microscope
stage and the back of the animal was observed.
Fig. 3. Electrogenotherapy of the skin with contact wire electrodes. A Ds red coding
plasmid was intradermously injected. The electrodes (electrode distance 4 mm) were
brought on the sides of the injection point (A). 5 pulses of 20 ms with a voltage to
electrode distance of 200 V/cm were applied at a frequency of 1 Hz. Skin was observed
by local whole body fluorescence imaging 72 h after the electrical treatment. The top
view (B) is with injection of 100 µg of plasmid and the bottom view (C) is with injection
of 100 µg of plasmid followed by electropulsation. Expression (red fluorescence
emission) is detected in the part of the skin which was between the electrodes (white
part of the B/W picture).

Fig. 4. Sarcoids ECT. A— a general view of the clinical treatment. The horse is lying on its
back under general anesthesia. This is controlled by the assistants on the left side. The
vet surgeon is treating the tumors between the back legs by bringing the electrodes in
contact with the shaved skin. The drug (or the plasmid) was previously IT injected. B— a
detailed view of the contact wire electrodes during the horse treatment. Moving the
electrodes along the sarcoid surface and changing their orientation to obtain crossed
field directions is easily obtained to get an optimized electrical treatment of the skin
tumor.
2.6. Sarcoids electrochimiotherapy

Clinical trials were operated at the equine clinic (ENVT). Owners
consent was obtained after description of the clinical trial. All animals
were treated under short term general anesthesia with intravenous
agents. The tumor site was surgically prepared.

Cisplatin (Sigma-Aldrich St-Quentin-Fallavier, France) was dis-
solved in phosphate buffer saline to obtain 1 mg/ml solutions. It was
then administered with insulin syringes by injections (0.2–0.3 ml
6 mm apart in the 3 dimensions) into the tumor mass and 1 cm of
apparently healthy margin to reach a concentration of approximately
1 mg/cm3 of target tissue). Tumor volume V (cm3) was estimated by
measuring the 3 greater diameters (a, b and c in cm) with a Vernier
caliper and application of the formula: V=abc×π /6.

Within 5 min after cisplatin IT injection, the electrodes (electrode
distance 9 mm, pulsed surface 90 mm2) were put into direct contact
with the skin on the tumor surface and the margins. The contact was
ensured by application of a conducting gel. Two runs of 8 electric
pulses (duration 100 µs with 1300 V to cm voltage to distance ratio
which corresponded to a voltage of 1170 V) were delivered at a
frequency of 1 Hz in two orthogonal directions per site(just by turning
by 90° the electrodes orientation) [33]. When the tumor diameter
exceeded 9 mm the procedure was repeated by replacing the



Fig. 5. Computation of electric field distribution between the electrodes in the in vitro configuration. A—Electrodes with a 0.8 mm diameter were at a 4 mm distance and positioned to
the bottom of the dish. The extracellular medium conductivity was set to 1.4 mS/cm. The dashed lines delineate the surface where a homogeneous field is present. B— Graph of the
electric field distribution. The horizontal line denotes the voltage to distance ratio (U/d). The dashed square is the volume where a homogeneous field was present (less than 10%
variation). C— Electrode set up. The wires are connected to the pulse generator. D— Electrodes on a dish. In this case, a labtek dish is used. The electrodes are in contact with the
bottom of the dish. E— The dish with the electrodes is on the microscope stage.
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electrodes on another site in order to cover the entire tumor surface
and 1.5 cm of cutaneous margin.

3. Results

3.1. Field distributions

Simulations showed that field 3D distributions were highly
inhomogeneous (Fig. 2). High fields were predicted at the contact of
the electrodes. However a homogeneous field with a fairly high value
was obtained on a thin (about 1 mm thick) layer along the gel surface,
all across the electrodes width. The magnitude of the field was
decreased when monitored deep in the gel. This means that the
current was flowing everywhere in the tissue but that the field was
intense specifically along the surface. As a consequence, a targeting of
the field effect is obtained at the position expected for a cutaneous
treatment. Currents were experimentally measured on the gel system
(Fig. 2). An ohmic behaviour was observed meaning that the
conductance of the gel was just a scaling parameter. The current at a
given voltage was strongly dependent on the gel thickness. A poor
agreement was observed only when the thickness of the gel was
2 mm. This observation was already present in our previous inves-
tigation with needle electrodes [32]. With the needle array, the
observation was previously associated to a surface conductance along
the Petri dish surface, which would enhance the current at the bottom
of the dish.
The penetration of the electrodes across the gel surface was
changed to mimic what is experimentally done when pushing the
electrodes against the tissue (skin) in the in vivo experiments. The
simulationpredicted an increase in currentwith the deeper (0.5 versus
0.25 mm) penetration, i.e. with an increased surface contact (data not
shown).

The prediction of a high field close to the electrodes is very
positive. It is well known that the stratum corneum must be brought
to a conductive state by a large field effect to obtain a cutaneous effect
with non invasive contact electrodes. This is facilitated by the present
geometry.

3.2. Gene electrotransfer in mice

This geometry of electrodes was checked for its suitability in in
vivo experiments. Using a train of 8 20 ms pulses, intradermal gene
electrotransfer was efficiently obtained. Fluorescent protein expres-
sion is observed by stereomicroscopy imaging. This gives access to the
mapping of expression. Expression was detected in all parts of the
back of the animal between the two electrodes confirming the
predicted local homogeneity of the field distribution. Expression was
absent in all other parts of the animal back (Fig. 3). A targeting of
expression was obtained with the wire electrodes electropulsation
with the support of the ID plasmid injection. We applied increasing
voltages (to obtain up to 400 V to cm) to optimize the level of ex-
pression, whichwas quantified by the level of fluorescence detected in
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the in vivo imaging method. An increase in expression was observed
with an increase in voltage. But a limit was present. Skin burning was
observed at the level of the contact with the electrodes only when
large voltages were applied (350 V to cm). This is the direct « biological »
consequence of the prediction that higher fields and associated current
densities were induced at the close contact of the electrodes. This was
in agreementwith theprediction andpreviousobservationswithneedle
electrodes [20].

3.3. Equine ECT

Another in vivo use of these electrodes is the electrochemotherapy
of equine sarcoids [30]. Sarcoids represent more than 50% of
cutaneous tumors in equids. There is no universal treatment against
sarcoïds and surgical treatment leads to frequent relapses. Electro-
chemotherapy requested the delivery of a high field specifically under
the skin where the drug was injected.

Very positive results with the contact wire electrodes were
obtained proving the homogeneous permeabilization of the cuta-
neous tumors bringing the penetration of the cytotoxic compound.
Some limits were predicted by the simulation and were experimen-
tally present. We observed that when the electrodes were pushed
strongly against the animal skin, bringing an increase in the surface in
contact, the current which was delivered by the electropulsator was
increased. In fact in many experiments, the current security was
triggered when the pressure was too high. This observation is the
experimental evidence of the prediction that if the penetration of the
electrodes against the surface of the gel was deeper, the current would
be larger. But when this contact problem was avoided by a careful
handling of the electrodes, sarcoid ECT was very effective [30]. No
damage was induced and the treatment can be repeated with a more
gentle contact. Objective responses were detected in more than 97% of
the treated horses (more than 200 tumors). Complete responses were
obtained in 93% with a follow up of more than 7 years in all cases.
Tumors were eradicated with success with diameters up to 5 cm. The
treatment was easy due to the ergonomy of the systemwhich allowed
to cover the whole tumor and its surroundings very easily within a
short period (Fig. 4). Indeed a controlled release over a large surface is
provided.

3.4. In vitro application of wire contact electrodes

Besides the in vivo experiments, this electrode design can be useful
for in vitro experiments. We checked if the “homogeneous localized”
field distribution was obtained when bringing the wire electrodes in
contact with an insulator and keeping them immersed in a conducting
medium. A similar approach for simulation was used as for the
phantoms. As shown in Fig. 5, we obtained as expected a homo-
geneous field in the center of the width between the two electrodes.
One limit is that the distance between the two electrodes has to be
large when compared to their thickness [38]. A practical application of
this set up is when working in a petri dish or on a microscope slide.
When the electrodes are in contact with the dish (or the slide), a drop
of a cell suspension, forms a bridge between the two electrodes. It will
be submitted to a field distribution as pictured in Fig. 5. This is used to
pulse cells under a microscope and observe them on line during the
pulse or just after it [8,12].

4. Discussion

The general conclusion of this study is that there is a good
agreement between simulation and experiments on gel using current
as a monitor. This is a further support of the numerical approach
which we proposed with needle electrodes. Computer simulations
using the finite element models approach predicted well the
associated field distributions and currents. We can predict the field
distribution in the tissue for the different electrode geometries. This
was used in the present study for an optimization of their designs for a
localized release of drugs and plasmids at the skin level.

Limits in our approachare thatwemade the assumptions that a tissue
was a homogeneous electrical body and that its conductance was not
changed during the voltage pulse application. These aspects need further
studies. But we observed an ohmic behaviour. Therefore our conclusions
remain valid at the onset of electropermeabilization under the assump-
tion that the tissue is an association of electrically homogeneous patches
(as in the case of treatment of dermis,). As far as the homogeneity of the
pulsed tissue is concerned, onemay be concerned that the skin is present
between the electrodes and the target subdermal tissue. But the stratum
corneum becomes conductive under electrodelivery conditions giving a
homogeneous field within tumors [39].

Indications are clear for the choice of these electrodes for clinical
applications. When a surface controlled release is the clinical target as
for electrochemotherapy of large cutaneous tumors (sarcoids in
horses) contact wire electrodes are the most suitable systems. Due
to their ergonomy, they are easy to handle and can be moved on the
organ surface to treat successive surfaces and obtain the electrotreat-
ment on a large area (equine sarcoids with several centimeters in
diameter were easily treated in equine electrochemotherapy). Only a
superficial effect is obtained due to the localized field effect. But, by
repeating the clinical treatment, the eradication of thick tumors was
obtained [30]. It should be pointed out that at a given voltage to
distance ratio, the depth of effective field penetration is increased
with a larger width between the electrodes. At given voltage and
electrode width, the current is under the control of the electrode
length and the tissue contact. The contact wire system, with a limited
field penetration depth, is also suitable for gene transfer in the dermis
(as shown by our results) where Antigen Presenting Cells are
abundant (for experiments on DNA electroimmunization) [5] and for
IL12 expression [16] We recently showed that these electrodes
geometry was very effective for DNA immunization for antiangiogen-
esis concerns [40]. Coupling between ECTand IL12 electrogenotherapy
by using these electrodes can therefore be obtained to boost the
destruction of tumors as reported on mice models [41,42]. The
geometry of these contact wire electrodes can be as simple as we
described in this paper. A key feature of the wire contact electrodes is
their cylindrical shape. Sharp edges must be avoided as they will
induce local high field and current [10]. This means that local burning
may then be present. This is the case if rather than using cylindrical
wires as described in this report, plate electrodes are used by bringing
only their sharp edges in contact with the skin. Another limit with the
“plate contact” electrodes (so called meander electrodes) [17] is the
ratio of the surfaces of the electrodes and of the skin is larger than
with the wire contact electrodes. More sophisticated (and expensive)
designs are present on themarket such as « meander electrodes » but a
precise description of the associated field distribution is lacking [17].
They are designed to obtain an effect specifically on the stratum
corneaum to obtain a transdermal delivery [44]. Another key feature is
that the width must be large relative to the wire diameter to get the
homogeneous field distribution along the surface [38].

Clearly due to the flexibility in their use when multiple treatments
on the same patient are required, contact non-invasive electrodes
offer a lot of convenience.
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