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Abstract
Electrochemotherapy (ECT) and Irreversible Electroporation are recent non-thermal techniques employed for the treatment 
of tumors. These therapies are based on the opening of pores in the cell membrane during application of sufficiently high 
electric fields. Over the past two decades, clinical trials have validated these therapies in humans. Moreover, ECT has been 
successfully applied in several species in veterinary clinics. As the therapy depends on the electric field distribution, numeri-
cal models and in vitro experiments have an important role in better understanding electric field distribution in biological 
tissues, especially in anatomically and physiologically complex structures. The potato tuber has emerged as an option for 
testing the effectiveness of the new electrodes. Potatoes present advantages for several reasons: they are compatible with 
the 3Rs’ concept for animal testing; they are simple to handle; and their electroporated areas become dark after 6–12 h. In 
this work, we simulated four numerical models from the literature and compared them to in vitro experiments. Our aim 
was to determine the model that best describes the observable affected area. This is an important point because the models 
were developed to properly describe tissue variation in electrical conductivity during electroporation, not to determine how 
electroporation is manifested macroscopically in potato tissue. The area measured with the Miklavčič–Ivorra–Suárez model 
was in closest agreement to the experiments; however, none of the models exactly represent our in vitro results.

Keywords Electropermeabilization · Electrochemotherapy · Non-thermal irreversible electroporation · Vegetal tissue · 
Numerical model · Pulsed electric field

1 Introduction

Electrochemotherapy (ECT) and Irreversible Electroporation 
(IRE) for tissue ablation are two recent non-thermal tech-
niques employed for the treatment of tumors [1, 2]. These 
well-established approaches exploit the physical phenom-
enon first described as a ‘dielectric breakdown’, but now 
called cell electroporation (EP or electropermeabilization) 
[3–6]. From the cell’s perspective, during the application of 

an electric field (EF) sufficiently high to induce ~ 1 V trans-
membrane 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], and water treatment for 
microorganisms [11].

At the tissue level, EP is employed in food processing 
techniques for conservation [12] and in extraction of mac-
romolecules [13]. As mentioned, new clinical approaches 
have also been developed based on EP. ECT takes advantage 
of the transitory pores in the cell membrane to introduce 
chemotherapy drugs (e.g. bleomycin) into tumor cells [1, 6]. 
The action of the drugs causes the cells to die. On the other 
hand, IRE sustains the open pores in order to provoke cell 
death without additional elements [2, 14].
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Over the past two decades, clinical trials have validated 
these therapies in humans [15, 16]. Moreover, ECT has 
also been successfully applied in several species in veteri-
nary clinics [17–19]. Notwithstanding this success, as EP 
is dependent on EF, recent works have shown the need to 
continue studying EF distribution in biological tissues. Dif-
ferent from treatment of homogeneous tissues, treatment 
applications close to bones [19] and excitable tissues, such 
as the heart [20] and brain [21], require attention. Numerical 
models are a powerful tool that allows scientists, engineers, 
physicians and veterinarians to better predict EF distribution 
in anatomically and physiologically complex structures [2, 
22, 23].

In 2004, Cima and Mir pointed to the use of the potato 
tuber as a simple but worthwhile experiment in which con-
clusions can be extended to animal tissues [24]. Potato 
tubers present advantages as they are compatible with the 
concept of the 3Rs in animal testing: reduction of the num-
ber 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 tumor nodule reduction and death. Electroporated 
zones of potato tissue become dark approximately 6–12 h 
after the application [14]. Consequently, this simple and 
relatively rapid technology makes feedback on electropora-
tion effectiveness feasible.

Recent studies have employed potatoes to validate the 
effectiveness of the size and configuration of new electrodes 
[26, 27] and to assess the impact of pulse parameters (e.g. 
frequency and the number of pulses) [28, 29]. This work 
compares four numerical models found in the literature to 
in vitro experiments. Our aim is to determine the model that 
best represents the experimental browned area.

2  Materials and Methods

2.1  In Vitro Preparation

Potatoes (Solanum tuberosum) were bought at a local gro-
cery on the day of the experiment, and they were cut into 
slices 20 mm in thickness and 40 mm in diameter (Fig. 1). 
The EP protocol was eight pulses with a duration of 100 µs 
at 1 Hz [1, 22] (Fig. 2). The pulse amplitudes were 210, 
270, 330, and 390 V (see Table 1) between two needles 
3 mm apart (Fig. 1). The needle depth in the potato was 
5 mm; potato thickness does not affect electric field dis-
tribution. After the procedure, the potato slices were kept 
in Petri dishes at room temperature for 24 h. Photographs 
were taken under constant illumination with a 10 MP, f/2.4, 
30 mm, autofocus, Motorola XT1058 (Schaumburg, IL, US) 
digital camera.

2.2  In Silico Model

The in vitro geometry was simulated by three-dimensional 
models using COMSOL Multiphysics (COMSOL AB, Swe-
den). Potato slices 20 mm in height and 40 mm in diameter 
were built. The two needles were 50 mm in height and 0.6 mm 
in diameter; they were 3 mm apart. The modeled geometry is 
presented in Fig. 1. The software automatically generated the 
fine-grained mesh, resulting in 13,214 tetrahedral elements.

Four models were used to describe the potato tissue behav-
ior. The first considered a constant conductivity (σ = 0.03 S/m 
[25]). The other three models considered tissue conductivity 
as a function of the local EF, as follows:

(1)σ(E) = 0.03 + e
−e−0.01⋅(250−|E|) (S∕m)

(2)σ(E) = 0.15 + 0.6 ⋅ e−3.153⋅e
−0.00243⋅E

(S∕m)
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Fig. 1  Needle electrodes inserted into a potato slice, showing a 
in vitro setup, b in silico geometry

Fig. 2  Applied voltage observed on an oscilloscope. Data acquisition 
using a Tektronix TDS 2004C (Beaverton, OR, US)
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Equations (1)–(3) are numerical models for potato tis-
sue conductivity presented by [25, 28, 29] and in this text 
referred to 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 a Windows 7 (x64, 
Microsoft Inc., Redmond, WA, USA) operating system. A 
steady-state regime was considered, and the applied EFs 
were 70, 90, 110 and 130 kV/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 Eq. (4) 
was solved by the finite element method:

where σ is the tissue conductivity (S/m) and V is the applied 
voltage (V).

2.3  Image Processing

The image processing of the in vitro setup was performed 
using MATLAB (Mathworks, USA). The detection proce-
dure is schematized in Fig. 3. First, the RGB image is con-
verted to grayscale; hence, using a threshold rule, the image 
is converted into black and white binary. The next step is to 
detect boundaries and filter images that have a known range 
of pixels and respect a circle tolerance. This method filters 
foreign objects. Finally, using a pixel to centimeters’ conver-
sion, the area data is displayed in square centimeters  (cm2).

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

(3)σ(E) = 0.03 +
0.33

1 + 10 ⋅ e

(
65,000−E

13,750

) (S∕m)

(4)∇ ⋅ (σ ⋅ ∇V) = 0

3  Results

3.1  In Vitro Experiments

Figure 4 presents eight processed images of the 36 sam-
ples. The pictures were taken 24 h after EP protocol and 
processed using the Matlab software. Control experiments 
showed that the insertion of the needles without EFs does 
not produce any change [data not presented].

Table 1 shows the values of the area for all samples. In 
three different days (groups) the EP protocol was applied for 
the amplitude of different pulses. The mean area by applied 
EF is presented in the last column.

3.2  In Silico Experiments

The EF distribution in potato tissue for 390 V between 
electrodes (130 kV/m) is presented in Fig. 5. The models 
were simulated in 3-D geometries, but only the top potato 
envelope XY-plane is shown here. The model for constant 
conductivity (σ = 0.03 S/m) is presented in Fig. 5a, followed 
by the models for Ivorra (Fig. 5b), Neal (Fig. 5c), and MIS 
(Fig. 5d). The color legend on the right indicates EF. Dark 
red areas have the highest local EF and dark blue means no 
EF.

4  Discussion

In the last decade, the potato tuber has been increasingly 
employed to validate new electrodes for medical devices 
based on EP. Such an approach has been followed for both 

Table 1  Measured browned 
areas on potato slices 24 h after 
electroporation protocol

EF (kV/m) Voltage (V) Group I  (cm2) Group II  (cm2) Group III  (cm2) 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 0.31 0.24 0.23 0.24
130 390 0.30 0.14 0.25 0.39 0.33 0.40 0.27 0.30 0.25 0.29

Fig. 3  Image processing software diagram showing a Original RGB, b grayscale, c black and white, d circle detection, and e area measurement 
results
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reversible and irreversible EP-based technologies [21, 
26–29]. However, therapy approaches as ECT and IRE 
impose different requirements on the technology, especially 
concerning the local EF. A better understanding of EF dis-
tribution in biological tissues has been developed through 
the refinement of numerical models allied to in vitro and 
in vivo studies [2, 19, 22, 23, 25, 28]. This work used four 
models from the literature to compare in silico solutions to 
our in vitro results.

A part of the in vitro results is presented in Fig. 4. The 
browned area was identified using a Matlab code developed 
for this purpose. All measurements are presented in Table 1. 
The average values showed that the browned area increased 
with the applied EF, which is in agreement with other stud-
ies [14, 25, 29].

Four different numerical models were simulated, and the 
extent of different levels of local EF was measured. The 
results for a constant conductivity tissue, independent from 
the local EF, are presented in Fig. 5a. Different models 
were also considered to describe the tissue conductivity as 
a function of the EF (Fig. 5b, c, d). The modification of tis-
sue conductivity is a dynamic process, as electroporation 
changes the amount of cell conductivity, which modifies 
the surrounding EF distribution. This modification enables 
other cells to electroporate, similar to a domino effect. The 
analyzed models specify different conductivity changes. For 
this reason, a larger difference between models was expected 
to be observed.

It should be noted that the Ivorra model was especially 
developed to describe the conductivity of potato tissue 

Fig. 4  Browned areas on potatoes 24 h after electroporation protocol (eight pulses of 100 µs at 1 Hz)
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Fig. 5  Simulation of electric field (EF) distribution on potato tissue 
for 130 kV/m applied. The plane XY was taken from the upper slice 
surface. As shown by the color legend, dark red is the highest value 

of local EF, while dark blue means no EF. a Considering constant 
conductivity, σ = 0.03 S/m, b Ivorra model [25], c Neal model [28], 
and d MIS model [22, 29]
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[25], while Miklavcic’s model was developed based on 
rabbit liver tissue and adapted by Suárez for potato tissue 
[22, 29]. Only the MIS model considered the same EP 
protocol that was used in our in vitro experiments (i.e., 
8 pulses, 100 µs, 1 Hz). This protocol is used in clinical 
ECT, despite some variations using 5 kHz [1]. EP effec-
tiveness is influenced by several parameters: the num-
ber of pulses, their length, frequency, and amplitude [5, 
8]. Considering these influences, the difference between 
models seen in Fig. 5 might 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 the simulation. Figure 5 presents only the 
data for 130 kV/m; however, the same methodology was 
applied to 70, 90, and 110 kV/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 that the numerical models likely predict the 
extent of the browned areas in the potato after EP proto-
cols. Specifically, we should note that the in vitro means 
of 29 mm2 was closely represented in silico for a local 
electric field of at approximately 50 kV/m. Ivorra et al. 
[25] showed that this value of local EF might represent 
irreversible EP on potato tissue; however, more studies 
are needed to understand the impact of pulse character-
istics and variations.

Potatoes provide a biological tissue model for verifi-
cation of electroporation effects [14, 24]. This vegetable 
does not supplant animal use. However, animal experi-
ments may be reduced with new developments of IRE 
and EQT equipment. The cyan areas in Fig. 5 represent 
the electric fields above 400 V/cm. This value corre-
sponds to the minimum electric field for successful EQT 
treatment. 400 V/cm are associated with the browned 
areas (delimited by the red line) in potatoes (Fig. 4). The 
browned areas in potatoes are associated with effective 
EQT treatment.

The potato (S. tuberosum) is a consolidated tissue 
model for electroporation. This work proposed to under-
stand the limitations of the in silico and in vivo models. 
The electric conductivity of the potato is a model limita-
tion. Potato conductivity is lower than conductivity of 
normal and tumor tissues. Moreover, potato tissue is more 
homogeneous than are tumor tissues. Despite the differ-
ences, in silico and in vitro (potato) experiments may 
verify electroporation equipment before applications in 
the spontaneous tumors of dogs and cats.

At present, we are researching other vegetables with 
electric conductivity similar to human tissue (about 0.3 
S/m), conductivity dependent on the electric field (elec-
troporation effect), and the visual- and short-time verifi-
cation of effective EQT.

5  Conclusion

The results of this work allowed us to conclude that the 
tested numerical models may predict the extent of browned 
areas in potatoes after EP protocols. The MIS model area 
of 31 mm2 was in closest agreement with the 29 mm2 
observed in vitro. None of the models exactly represent 
our in vitro results, despite being based on a standardized 
EP protocol. Potatoes remain as important subjects for ‘in 
vitro simulations’ of EP effectiveness, but more studies 
are necessary to determine the visual reversible/irrevers-
ible thresholds.
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