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INTRODUCTION

Electrochemotherapy (ECT) and Irreversible
Electroporation (IRE) for tissue ablation are two
non-thermal recent techniques employed for
the treatment of tumors [1], [2]. These well-
established approaches exploit the physical
phenomenon firstly described as a ‘dielectric
breakdown’, but now called cell electroporation
(EP, or electropermeabilization) [3]-[6]. In the
cell perspective, during the application of an
electric field (EF) sufficiently high to induce
~1V transmembrane voltage, the bilayer lipid
membrane experiences an electro-mechanical
conformation that reduces its normal selectivity
[5]. The main theory to explain this increase in
conductivity considers the opening of pores
around the cell poles, which are resealed after
the EF is ceased [7], [8]. This is the same
phenomenon behind gene electrotransfer in cell
culture [9], DNA vaccines [10], or water
treatment against microorganisms [11].

At the tissue level, EP is employed in food
processing techniques for conservation [12],
and extraction of macromolecules [13]. As
aforementioned, new clinical approaches were
also developed based on EP. The ECT takes
advantage of the momentary pores in the cell
membrane to introduce chemotherapy drugs
(e.g. bleomycin) into tumor cells [1], [6]. That
means the cells die in consequence of the drugs
action. In the other hand, IRE sustain the pores
opened in order to provoke cell death without
additional elements [2], [14].

Over the past two decades, clinical trials
have validated these therapies in humans [15],
[16]. Moreover, ECT has also been successfully
used for veterinary applications in several
species [17]-[19]. Notwithstanding, recent
works have shown the necessity of keep
studying EF distribution in biological tissues.
Different from homogeneous tissues, treatment

application close to bones [19] and excitable
tissues like heart [20] and brain [21] require
attention. Numerical models are a powerful tool
that has allowed scientists, engineers,
physicians and veterinarians to better predict
EF distribution on anatomical/physiological
complex structures [2], [22], [23].

In 2004, Cima & Mir pointed the use of
potato tuber as a simple, but worth experiment
where the conclusions can be extended to
animal tissues [24]. Potato tuber present
advantages as being compatible with 3Rs
concept for animal testing (Reduction of
number of animals; Refinement of procedures
to reduce distress; and Replacement of animal
with non-animal techniques) [14], [25]. In vivo
confirmation of ECT effectiveness may take
weeks, by the tumor nodule reduction and
death. Electroporated zones of potato tissue
become dark around 6-12 hours after the
application [14], what may enable simple and
relatively fast feedback about technology
effectiveness in engineering tests.

Recent studies have employed potatoes to
validate the effectiveness of new electrodes
sizes and configurations [26], [27], and to
assess the impact of pulse parameters (e.g.
frequency and number of pulses) [28], [29].
This work compares four numerical models,
found in the literature, to in vitro experiments.
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Figure 1: Needle electrodes inserted in a potato
slice. (A) in vitro setup (B) in silico geometry
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MATERIALS AND METHODS

In vitro preparation

Potatoes were bought at a local grocery on
the day of the experiment. The EP protocol was
8 pulses with duration of 100 ps at 1 Hz [1],
[22] (fig. 2). The pulse amplitudes used were
210, 270, 330 and 390 V (see table 1) between
two needles 3 mm apart (fig. 1). After the
procedure, the potato slices were kept in Petri
dishes for 24 hours, at room temperature.
Pictures were taken under constant illumination
with a 10 MP, f/2.4, 30mm, autofocus, Motorola
XT1058 (Schaumburg, IL, US) digital camera.
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Figure 2: Applied voltage observed on
oscilloscope. Data Acquisition using a Tektronix
TDS 2004C (Beaverton, OR, US)

In silico design

The in vitro geometry was simulated by
three dimensional models using COMSOL
Multiphysics (COMSOL AB, Sweden). Potato
slices were built with 2 cm of height, and
diameter of 5 cm. The two needles had 5 cm as
height, 0.6 mm as diameter and 3 mm apart.
Modeled geometry is presented in the figure 1.
The fine-grained mesh was automatically
generated by the software, resulting 13,214
tetrahedral elements in total.

Four models were used to describe the
potato tissue behavior. The first considered a
constant conductivity (o = 0.03 S/m [25]). The
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other three considered tissue conductivity in
function of the local EF, as follows:
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o(E)=0.03+¢"° [S/m] (1)
o(E)=0.15+0.6-2%5% " [5/m| (2)
0.33 (3)
o(E)=0.03+ e S/m]
1+10-e( 13750 J

Equations (1)-(3) are numerical models for
potato tissue conductivity that were presented
by [25], [28], [29], and in this text referred as
Ivorra, Neal and MIS models, respectively.
Calculations were run on a personal computer
(Intel Core i5-2500, 3.3 GHz, 4 GB RAM) with
Windows 7 (x64, Microsoft Inc., Redmond, WA,
USA) operating system. It was considered
steady-state regime, and the applied EFs were
70, 90, 110 and 130 V/m, see table 1. The
Dirichlet boundary condition (contact between
electrodes and tissue), and Neumann
(insulating external surfaces) were applied. The
tissue was considered homogeneous, and the
Laplace equation (4) was solved by the finite
element method.

V-(O‘-VV)=0 (4)

Where o is the tissue conductivity [S/m],
and V is the applied voltage [V].

Image processing

The image processing of in vitro setup was
performed using MATLAB (Mathworks, USA).
The detection procedure is schematized in
Figure 3. Firstly the RGB image (A) is converted
to gray scale (B). Hence, using a threshold rule
the image is converted into black and white
binary (B&W, C). Next step is to detect B&W
boundaries and filter images that have a known

Figure 3 — Matlab image processing software diagram
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Table 1: Measured browned area on potato slices 24 hours after electroporation protocol
EF [V/m] Voltage [V] Group I [cm2] Group II [cm?2] Group III [cm?2] Mean
70 210 0.09 |0.06 |0.08 |0.10 | 0.13 | 0.07 | 0.08 | 0.11 | 0.08 | 0.09
90 270 0.19 | 0.13 |0.08 | 0.13 | 0.13 | 0.07 | 0.18 | 0.15 | 0.20 | 0.14
110 330 0.13 | 0.14 | 0.23 | 0.34 | 0.23 |0.32 | 031 |0.24 |0.23 |0.24
130 0 0.30 |0.14 |0.25 | 0.39 | 0.33 | 0.40 |0.27 |0.30 | 0.25 | 0.29

39

Figure 4: Browned area on potatoes

range of pixels and respect a circle tolerance.
This method filter foreign objects. Finally, using
a pixel to centimeters conversion, the area data
is displayed in cm=2.

The areas from the in silico experiments
were measured using the software Imagel, by
Color Thresholds.

RESULTS

In vitro experiments

In the figure 4 are presented 8 processed
images of the 36 samples. The pictures were
taken 24 hours after EP protocol, and processed
using the matlab software. Control experiments
showed that insertion of the needles without
EFs does not produce any change.

Table 1 was filled with the values of area for
all samples. In three different days (groups)
the EP protocol was applied for different pulses

3.6

amplitude. The mean area by applied EF is
presented in the last column.

In silico experiments

In the figure 5 is presented EF distribution
on potato tissue for 390 V between electrodes
(130 V/m). The models were simulated in 3-D
geometries, but only the top potato envelope
XY-plane is shown. The figure 5.A is the model
for constant conductivity (o = 0.03 S/m), while
B, C and D present results for models of Ivorra,
Neal, and MIS, respectively. The color legend in
the right indicates that dark red areas have the
highest local EF, and dark blue means no EF.

DISCUSSION
In the last decade, potato tuber has been
increasingly employed to validate new

electrodes for medical devices based on EP.
Such approach has been followed for both
reversible and irreversible EP-based
technologies [21], [26]-[29]. However, therapy
approaches as ECT and IRE impose different
requirements to the technology, specially about
the local EF. Better understanding of EF
distribution in biological tissues has been
allowed through numerical models refinement
allied to in vitro and in vivo studies [2], [19],
[22], [23], [25], [28]. This work went through
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Figure 5: Simulation of electric field (EF) distribution on potato tissue for 1300 V/cm applied.
The plane XY was taken from the upper slice surface. As shown by the color legend, dark red is
for the highest value of local EF, while dark blue means no EF. (A) Considering constant
conductivity, 0 = 0.03 S/m (B) Ivorra model [25] (C) Neal model [28] and (D) MIS model [29].
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four models from literature to compare in silico
solutions to our in vitro results.

In the figure 4 was presented part of the in
vitro results. The browned area was identified
using a matlab code developed for this purpose.
All measurements are presented in the table 1.
The average values showed that browned area
increased with the applied EF, which is in
agreement with other studies [14], [25], [29].

Four different numerical models were
simulated, and the extent of different levels of
local EF were measured. In the figure 5.A is
presented the result for a constant conductivity
tissue, independent from the local EF. For the
panels B, C and D it was considered different
models that describe the tissue conductivity as
function of the EF. The modification of the
tissue conductivity is a dynamic process, which
electroporated portions of cells modify the local
EF distribution. This enable another portion of
cells to electroporate, that previously could not
be submitted to a high enough EF. For this
reason, larger difference between models was
expected to be observed. MIS model (fig. 5.D)
was different from the constant model (fig.
5.A). However, the models of Ivorra and Neal
were specially developed to describe the
conductivity of potato tissue [25], [28], while
Miklavcic’'s model was developed based on
rabbit liver tissue, and adapted by Suarez for
potato tissue [22], [29]. In the other hand,
only MIS model considered the same EP
protocol that was wused in our in Vvitro
experiments (i.e. 8 pulses, 100 ys, 1 Hz). This
protocol is used in clinical ECT, despite some
variations using 5 kHz [1]. Number of pulses,
their length, frequency and amplitude are
parameters that influence the EP effectiveness
[5], [8]. Considering this, the difference
between models seen in the figure 5 may be
attributed to the number of pulses applied to
the tissue [26], [29].

The browned areas from table 1 were
comparable to the areas in simulation. Figure 5
presented only the data for 130 V/m, however
the same methodology was applied to 70, 90
and 110 V/m [data not presented]. For all
experiments, the in vitro browned areas were
inside the total extent of EP in silico. The
results of this work showed the numerical
models likely predict the extent of brown areas

in potato after EP protocols. In special, we
could note that the jn vitro mean of 29 mm?2
was closely represented in silico for a local
electric field about 50 V/m. Ivorra et al. (2009)
showed this value of local EF might represent
irreversible EP on potato tissue, however more
studies are necessary to understand the impact
of pulses characteristics and variations.

CONCLUSION

The results of this work allowed to conclude
that the tested numerical models may likely
predict the extent of brown areas in potato
after EP protocols. MIS model area of 31 mm?2
was in closest agreement with the 29 mmz2
observed in vitro. None of the models exactly
represent our in vitro results, despite being
based on a standardized EP protocol. Potato
remain as an important subject for ‘in vitro
simulations’ of EP effectiveness, but more
studies are necessary to determine the
reversible/irreversible thresholds visually.
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