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Abstract: The design of a method to evaluate the efficacy of electroporation-treated (with several
pulses) tissues is proposed. This method is based on the application of both the standard and a
non-standard electrical characterization of biological tissues, on a platform, containing the samples
under test, adopted to have minimal invasive contact measurements. Standard direct current elec-
trical characterization was performed for comparison. For the electroporated tissues (using eight
pulses), the electrical behavior of the tissue in working condition, governed by high intensity and
short duration square wave stimuli, typically used in electrochemotherapy treatments, is utilized.
Both electroporation stimuli application and direct current testing were performed using the same
electrodes in parallel plate configuration on the parallelepiped shaped samples. The electrodes were
not removed during the designed procedure to reduce the interaction with the tissue under test and
the effect of different contact resistances. A finite element analysis-based numerical evaluation of
the test cell used in the procedure was also performed, both with a constant and an electric field-
dependent electrical conductivity, showing its robustness. The method is tested on potato samples,
as an example of a biomaterial, whose electrical conductivity is electric field-dependent. The samples
were subjected to a high intensity square wave pulse voltage of 100µs long, in order to evaluate
the effect of multiple pulses, as a single protocol parameter. Results indicate the dependency of the
electrical conductivity on the electric field strength applied using multiple pulses, and the method is
easily scalable and usable as a starting point for evaluating the effect of other protocol parameters.

Keywords: electroporation; electrochemotherapy; pulsed electric field; conductivity; electrical
characterization; potato tissue

1. Introduction

Electroporation (EP) is used in practice to permeabilize cell membranes for clinical
treatments used for enhanced cancer drug delivery or for the processing of materials in
industrial applications, e.g., food treatment , sterilization, etc. [1–14]. It uses a pulsed
(8 pulses) electric field, which modifies the arrangement of the bi-lipid layers of the cell
membranes to induce the generation of reversible aqueous pores or to induce irreversible
damage of the cell membrane, depending on the applied voltage amplitude, number of
pulses, pulse length, and frequency [7,15–17]. In clinical practice, electrochemotherapy
(ECT) uses local electroporation in conjunction with a chemo drug infusion to enhance the
drug uptake [18,19], whereas, Irreversible Electroporation (IRE) uses a large number of high
voltage pulses [7] to damage irreversibly the cancer cells. ECT is widespread in Europe and
in South America, while, IRE is diffused in the USA [20–24]. In ECT, the permeabilization
of the cell membrane improves the permeation inside the cells of non-permeant or poorly-
permeant drugs. In this condition, the drug is able to damage the cancer cells, while in IRE,
the electric field acts directly on the cell viability, destroying the cell membrane [25].
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It is well known that the local inhomogeneity of the electrical properties of the tissues
influence the electric field distribution. Since the EP effect is strictly dependent on the
applied electric field [26–29], it is of interest to know the electrical properties of various
tissues treated. Moreover, in EP, the applied electric field modifies the tissue and its
electrical properties, starting from the first pulse. Thus, for every successive pulse (when
eight pulses are applied), the tissue properties are quite different at the end than at the
beginning [30–34].

In general, when a high strength electric field is applied to a biological tissue, it
modifies locally the electrical properties of the treated volume [14,27,31,35–37]. Moreover,
the biological tissue is a highly complex material. At the microscopic level, it is highly
heterogeneous, since the cell volume is divided into various compartments inside and
outside the cell membrane with different conductivities depending on the ions dissolved in
the medium [38].

Typically, the electrical properties of the tissues were evaluated using standard con-
ditions (SC). For instance, Gabriel et al. performed the evaluation of animal tissues from
10 Hz to GHz using sinusoidal waveform [20]. The values obtained in this way did not
include Direct Current (DC) conditions. DC values were extrapolated from the lowest
frequency values. In solid materials, DC conductivity is evaluated using a constant voltage
and measuring the resulting electrical current in a sample with known geometry. In general,
a thin parallelepiped or disk-shaped geometry is used if a 2-point probe method is con-
sidered. In this way, the sample resistance is determined by the ratio of voltage to current
value, and from the geometry, the conductivity is calculated. This procedure, defined as
SC, is suitable for materials for which the electrical properties are invariant with respect to
the electric field applied for the testing.

The electrical properties of biological tissues change depending on the electric field
intensity [39–41]. Therefore, under ECT conditions given by the electrochemotherapy pro-
tocol, for which the applied electric field changes in terms of pulse shape, pulse amplitude,
number of pulses, and time duration, the tissue properties are different with respect to
the ones measured in SC [42]. In general, the electrical conductivity in SC is measured
applying a field of few V/cm (e.g., 1–10 V/cm) that does not damage the specimen. How-
ever, at working conditions in EP, a higher field, up to 1000 V/cm could be applied in
a non-continuous way. If the same voltage is applied to study SC characterization, the
specimen could burn out.

In this research, the possibility to evaluate the EP efficacy by exploiting coherently the
effect under a Non-Standard test Condition (NSC) is explored. In particular, a method is de-
signed to assess the electrical behavior of the biological material in NSC is established. The
derived electrical characteristics are compared with the results obtained by measurements.
The proposed method could be used in various conditions for which the application for
long time of the working conditions could modify irreversibly the specimen.

The validity of the adopted method is confirmed by using a Finite Element Model
(FEM), in which field-dependent electrical properties, derived from NSC condition,
are considered.

2. Materials and Methods
2.1. Procedure for NSC Testing

The proposed method is composed of the following five steps (Figure 1a):
Step 1: Define the NSC protocol to be tested for various parameters
Step 2: Cut samples and organize the chamber slides
Step 3: Perform pre-treatment SC DC measurement of the electrical properties
Step 4: Apply the EP protocol—under NSC (e.g., offline extraction of last-pulses

conductivity)
Step 5: Perform post-treatment SC DC measurement of the electrical properties.
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Figure 1. Flowchart of the proposed method (a), experimental set-up used for the evaluation
of the electrical conductivity of the potato tissue (b), and the plate electrode used for the NSC
characterization (c).

The NSC for EP (Step 1) is related to the application of a square voltage pulse, with an
amplitude in the order of up to hundreds of V/cm on a specimen, with a thickness of 1 cm
(applied electric field from 100 to 1000 V/cm), using a commercial chamber slide, as the
sample holder.

The same sample holder was used both for tissue characterization and for treatment
protocol application, in order to reduce measurement artifact on the biological tissue.

2.2. Sample Preparation

The potato tubers were purchased in different seasons of one solar year in the lo-
cal markets in Padova (North-Eastern Italy) and Salerno (South-West Italy). The main
experiments were conducted in the months of May and June.

Potato tubers were cut in parallelepiped shape, with size 11 × 9 × 11 mm3 (Step 2).
Following, the excess liquid due to the cut had been removed with an absorbent paper and
immediately after, the measurements were made—both at the SC (Steps 3 and 5) and at the
NSC (Step 4).
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A set-up with 8 wells, with a rectangular shape (section 11 × 9 mm and a thickness
of 11 mm) as described in [41] was used as the treatment chamber. Figure 1b shows the
experimental setup, and Figure 1c shows the parallel plate electrode used for the NSC
conductivity evaluation.

2.3. Experimental Measurement of the Conductivity
2.3.1. Under Standard Condition (SC)

The standard DC conductivity evaluation of the potato samples (Steps 3 and 5) was
performed using a Keithley 6514 (Tektronix, Inc., Beaverton, OR, USA) Electrometer. If IDC
is the current and Vmeas is the voltage between the external electrodes, the resistance of the
sample under test is calculated as:

Rtest =
Vmeas

IDC
(1)

with, test ∈ {pre, post}. To represent the static condition, the instrument was used in the
“slow acquisition” mode and each measurement was performed after 5 min of testing. For
this, two metallic parallel plane electrodes are applied to the lateral surface of the samples
in the chamber slide and the external electrodes of the instrument are connected to that in
order to have the same configuration of the pulse generator EPS-01 (manufactured by Igea
S.p.A., Carpi, Italy, the device used for ECT in clinics) testing (Figure 2).
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Figure 2. Samples under DC standard test.

Using the parallelepipedal shape of the samples, the SC conductivity is derived from
the measured resistance as:

σSC,test =
1

Rtest

h
S

(2)

where, h is the distance between the two metallic electrodes and S is the sample surface
area that is interfaced with the electrodes.

The DC conductivity of the untreated and the post-treated samples were collected and
used to evaluate the EP efficacy of the protocol adopted between these two measurements.
The variation of the conductivity can be used as an indication of the EP protocol efficacy.
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2.3.2. Under Non-Standard Condition (NSC)—Using the Last-Pulse Conductivity of
Potato Tuber

The last-pulse conductivity of the potato tuber was evaluated experimentally from the
voltage and current values for the last pulse, using Ohm’s law as in [41], and the sample
geometry. First, RNSC is derived as:

RNSC =
VLPP
ILPP

(3)

where, VLPP and ILPP are the last pulse plateau values of the voltage and current, at the
generator electrodes (Figure 3).
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Then, the conductivity, σNSC(xNSC) was obtained by varying the electric field intensity
of the standard ECT protocol [43,44], as:

σNSC(xNSC) =
1

RNSC

h
S

(4)

where, S is the cross-sectional area, and h the thickness of the sample that corresponds to
the gap of the plate electrodes, and xNSC is the single protocol parameter considered as
variable. Equation (4) gives the local conductivity of the sample at the last pulse applied
and represents a point value useful to investigate the electroporation.

The standard ECT protocol considers a sequence of 8 voltage pulses at 5000 Hz.
Figure 3 shows a sample of the voltage pulses applied and the resultant current
pulses recoded.

The voltage pulses show a square shape, and the time duration of the positive voltage
is 100 µs. The pulse period is 200 µs and the 0 V part is not stored in the recording system.
The voltage was applied using a stainless-steel plate electrode (10 mm × 30 mm = S, that
fits the 11 mm of the well depth) with a gap of h = 7 mm. The voltage amplitude was varied
from 100 V (electric field E = 143 V/cm) to 1000 V (E = 1430 V/cm). The conductivity was
evaluated using Equation (4), with the resistance computed from the recorded voltage and
current. Assuming that xNSC = E, the procedure (Step 4) furnishes a point measurement
of σNSC(E), that is the offline extraction of last-pulse conductivity evaluation due to this
particular NSC.
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2.3.3. Evaluation of Electrical Characteristics of Potato Tuber in NSC as a Function of
Electric Field Strength

The electrical characteristics of the potato tuber in NSC is estimated by computing
σNSC(E) as in [40,41] and as proposed in [27,39–41,45]:

σNSC(E) = σ0 +
σ1 − σ0

2
(1 + tan h(kv(E− Eth))) (5)

where, σ0 and σ1 (S/m) are the conductivities of the tissue at 0 V/cm (untreated condition),
and at the maximum amplitude applied pulsed electric field, for which the conductivity
is maximum; kv (cm/V) is a constant and Eth (V/cm) is the electric field at the half of the
σ0 − σ1 gap. This is not a conventional DC conductivity, measured for an applied continu-
ous field of constant E amplitude, but the conductivity measured “during” the application
of the pulsed electric field, using the maximum value of the voltage (Figure 3) where, the
maximum value of the waveform in Figure 3 is fixed to the voltage that generates the
electric field strength E. σNSC(E) represents a parameter in NSC, useful to evaluate the
electrical behavior of the material in the presence of a voltage, for which a standard DC
characterization cannot be performed without irreversibly damaging the specimen.

The measured conductivity, σNSC(E), evaluated at different electric field intensities
were used to fit the model given by Equation (5) to find the unknown values of the
parameters σ0, σ1, kv and Eth, by means of non-linear least mean square method, as
described in [41].

2.4. Finite Element Simulations—Model Setup
2.4.1. Geometry of the Testing Chamber

In order to evaluate the validity of the adopted parallelepiped treatment chamber,
FEM models of the two experimental setups were developed (Figure 4a,b). The simulated
setup in Figure 4a uses a sample of circular shape, and it corresponds to the standard
configuration in dielectric material DC characterization (ASTM-D257 [46]), whereas the
simulated setup in Figure 4b uses the treatment chamber considered in this research.
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Figure 4. Schematic of the measurement set-ups and correspondent FEM models for (a) disk-shape
model and (b) cube-shape model, with electrodes.
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2.4.2. Finite Element Simulations

The Finite Element Analysis (FEA) was performed to compute the electric field applied
to the considered volume, labeled A (Figure 4), using stainless-steel plate electrodes, applied
to the faced surfaces of the volume under examination, labeled with V0 and V1, and
supplied with a constant voltage. Volume A is surrounded by air. The results obtained
with the disk-shape model (Figure 4a) were compared with the ones obtained using the
cube-shape model (Figure 4b).

For the disk-shape model (Figure 4a), the supply electrodes show a diameter smaller
than the one of the volume A, made on a material with the electrical properties of potato. For
this model, two geometric conditions for the energizing electrodes, V1-V0 were considered.
Moreover, the figures show also S0, S1 and S surfaces to be used in the post-processing
evaluation of the electrical conductivity using Equation (4). For the circular-shape model,
two conditions were considered: S1-S0 with the same or with smaller diameter electrodes,
where V1-V0 are applied.

The electric field intensity, from which the current density and electrical properties
were derived, had been computed by means of the Finite Element commercial software
(FLUX3D [47] released by Altair Engineering, Inc., Troy, MI, USA).

Using FEA, a conduction problem in DC, i.e., the Laplace equation in the electric scalar
potential, V, was solved using the static condition:

∇ · σ∇V = 0 (6)

Here, the electrical conductivity σ as a constant or as parameter dependent (σ(E)) was
used. A constant potential, V1, on one face and a zero-potential, V0, on the opposite face
have been applied (Figure 4 [27,48]) as Dirichlet boundary condition [49,50]. Moreover,
on the external boundary, a null tangent condition of electric field lines has been imposed
as in [51,52]:

∂V
∂n

= 0 (7)

According to similar applications [27,53–56] for the evaluation of the electric field in
electroporation conditions, the model has been tested for four different fixed conductivity
values σ ∈ {2.3, 23, 230, 950} (mS/m), and two V1 values of 100 V (i.e., non electroporation
condition) and 700 V (i.e., electroporation condition, considering a plate gap of 7 mm long),
corresponding to 143 V/cm or 1000 V/cm electric field intensity, respectively. Moreover, in
order to consider the effect of protocol dependent parameter, the previous models were
compared in the case of a sample under test, where, conductivity is a function of the local
electric field, σ(E), as proposed in [27,39–41,45] and given in Equation (5).

For the model in Figure 4, the electrical current is measured “numerically”, utilizing
the same electrode used to apply the voltage.

The mesh of the cube-shape model has 1.65 × 106 nodes and 1.2 × 106 cubic elements
for a size of 0.25 mm, whereas the disk-shape model has 3.92 × 106 nodes and 2.94 × 106

volume elements for a size of 0.25 × 0.25 mm on the volume in which the current density is
evaluated. Both the models have the second-order mesh.

3. Results and Discussion

In order to demonstrate the working of the above procedure, an ECT protocol with
a maximum amplitude of 8 pulses of electric field of 100 µs long at 5 kHz, was used as a
single parameter effect evaluation. A similar procedure could be used for evaluating other
similar parameter protocols.

3.1. Measurements

Evaluation of Conductivity under Pre-, Post-, and during-Treatments.
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Table 1 shows the conductivity values of the potato samples measured by means of
the cubic applicator in two different conditions: SC and NSC. Here, Group A represents the
condition before applying pulses and Group B indicates after the treatment.

Table 1. Conductivity [mS/m] measurements using the cubic applicator.

Condition
Group A Group B

0 V Std-Dev 100 V Std-Dev 0 V Std-Dev 800 V Std-Dev

SC [mS/m] 11 0.92 13 1.9 10 1.5 20 0.35

NSC [mS/m] - - 107 0.14 - - 404 89

SC refers to the standard conductivity measurement (constant current applied for
5 min) before and after the application of eight 100 µs long voltage pulses that generated a
pulsed electric field with an intensity of 111 or 889 V/cm (applied voltage 100 V or 800 V at
the cube extremities at a distance of 0.9 cm).

NSC refers to the evaluation of the conductivity, such as described in [41], correspond-
ing to the proposed procedure applied on the electrical measurements obtained during the
application of the pulsed electric field, i.e., the last-pulse conductivity.

It is to be noted that the measurements of groups A and B are made on the same
samples: the first measurement before the application of the electric field (SC-0V), the
second measurement after the application of the electric field (SC-100V or SC-800V) and
finally, the last value is referred to the online evaluation of the conductivity from the values
recorded by the pulse generator (NSC-100V or NSC-800V).

Starting from samples that exhibited about 10 mS/m of conductivity in the pre-
treatment condition, the application of a PEF with 100 V amplitude, corresponding to
a non-electroporating condition of 111 V/cm (experimental validation in [41]), leads to
13 mS/m. This is not a significant increment as is evidenced by the results on Group
A. However, at a higher amplitude of 800 V of applied voltage, corresponding to an
electroporating condition of 889 V/cm (experimental validation in [41]), the conductivity
increased to almost double the original value in the Group B samples, reaching 20 mS/m,
which means that the conductivity of an electroporated tissue measured after the treatment
differs from the not-electroporated one of about 54% (i.e., 13 mS/m vs. 20 mS/m).

The NSC estimation of the conductivity is always higher than that of the SC cases; it is
less than 10 times the SC value, and up to 20 times in the electroporation condition. These
NSC values can be used to describe the local enhancement of the conductivity due to the
high-amplitude stress applied as described in the following paragraph. It is considered as
possible information to be used for indicating electroporation. The NSC value is about four
times that of a non-electroporation condition, showing a very significant variation of 278%
between the two groups (i.e., 107 mS/m vs. 404 mS/m).

3.2. Estimated Conductivity for Potato Tissue

Figure 5 shows the conductivity results obtained under NSC, applied on two different
types of potatoe tubers to form the codomain or band of possible conductivities values.
The data were obtained by applying nine different electric field intensities, each of 8 pulses,
using ECT protocol to the tissue samples of same size and shape.

With the increase in electric field intensity, the tissue conductivity also increased as
reported in similar experiments. In practice, with the increase in the applied electric field,
the tissue experiences electropermeabilization of the cell membranes, and, hence, modifies
electrical properties of the tissue [1,3,26,57–60].

The conductivities, σm1 and σm2, evaluated by Equation (4) and the corresponding
resistivities, ρm = 1/σm, are reported in Table 2.
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Figure 5. Conductivity as a function of the applied voltage in a PEF simulation scheme evaluated
during the treatment.

Table 2. Conductivity as a function of the applied voltage and parameter obtained fitting the model
using Equation (5).

E [Vcm−1] σm1 [Sm−1] Std (σm1)
[Sm−1] σm2 [Sm−1] Std (σm2)

[Sm−1]

#1 143 234.5 0.05 82.8 0.000

#2 214 396.7 0.04 128.6 0.010

#3 429 487.9 0.00 280.2 0.011

#4 571 621.2 0.10 364.1 0.000

#5 714 700.8 0.07 441.3 0.033

#6 857 669.4 0.10 404.1 0.049

#7 971 938.1 0.10 436.5 0.028

#8 1071 979.5 0.02 668.6 0.004

#9 1371 867.1 0.00 602.1 0.010

σ0 [mSm−1] 100 - - 1 -

σ1 [mSm−1] 960 - - 570 -

Eth [Vcm−1] 480 - - 489.6 -

kv [cm/V] 0.00190 - - 0.00204 -

Table 2 also shows the values of the parameters of Equation (5) obtained by fitting the
means of least square the reported data as a function of electric field intensity. These inter-
polating curves are reported as continuous lines in Figure 5, where the red square marks
the point measurements corresponding to the experimental data. These measurements are
in accordance with a previous evaluation of potatoes conductivities in NSC condition [41].

3.3. FEM Validation of the Estimated Conductivity for Potato Tissue

To evaluate the efficacy of the measurement of the treated samples, the conductivities
as a function of the electric field strength are used in the FEA. The FEA simulates the electric
field in the volume of the sample with disk or cube shape (Figure 4), by considering a
field-dependent or a fixed conductivity of the material. Figure 6 illustrates the colored map
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of the electric field strength in the disk-shape model, with a field dependent conductivity,
and Figure 7 shows the results with fixed conductivities (i.e., 230 mS/m and 950 mS/m).
Comparing Figures 6 and 7, it appears that the electric field distribution at the boundary
of the electrode, as shown by white arrows, is different and in the latter case, it is more
homogeneous. The non-uniformity of the electric field in the disk-shape treatment cell
reflects the variations of the conductivities in the medium.
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Figure 6. Electric field intensity and current density in the potato volume in the disk case with electric
conductivity depending on electric field strength for different applied voltages, (a) 100 V, (b) 700 V.

In each case, the electric field is uniform in the volume of the rectangles identified with
the white star. This volume is internal with respect to the one delimited by the electrodes
(red and gray parallel lines). Outside the star volume, the electric field intensity distribution,
as evidenced by the white arrow, is not uniform. This fact is less evident in the case for
which the applied electric field intensity E is 143 V/cm (Figure 7a). With the cube-shape
model, the electric field distribution is more uniform along all the samples and the influence
of the field-dependent conductivities is negligible.

Figure 8 shows the current densities (arrows) and electric field distribution (color map)
obtained only in the case of fixed conductivities.

If the computed data are used to derive the conductivity, such as in the experimental
case (i.e., applied voltage divided by the current density integral on a given surface repre-
senting the electrodes using the Equation (4)), different results are obtained for the different
adopted models.

Table 3 shows the estimated conductivities by FEA, obtained using Equation (5), and
applying 100 or 700 V for the disk and cube-shape models. In the case of disk-shape,
two different current measurement surfaces were considered: using the same area of
4.9 × 10−4 m2 (Disk-case A) and a reduced area of 1.8 × 10−4 m2 for Disk-case B, respec-
tively. In the same table, for each case, the fixed conductivity value in the hypothesis of
uniform electric field is also reported.
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the cubic case when a fixed-conductivity material property is considered-the behavior for the lower
(230 mS/m) (left) and for the higher (950 mS/m) (right).
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Table 3. Conductivity estimation using the FEA and assessment of the error of estimation for disk
and cube-shape model with field-dependent electrical conductivity.

Disk-Case A Disk-Case B Cube

Voltage [V] 100 700 100 700 100 700

Current [A] 1.86 50.23 0.58 16.83 0.33 9.81

σ(E) [mS/m] σ (143 V/cm)
230

σ (1000 V/cm)
950

σ (143 V/cm)
230

σ (1000 V/cm)
950

σ (143 V/cm)
230

σ (1000 V/cm)
950

R [Ω] 53.9 13.9 172.3 41.6 304.3 73.5

h [m] 7 × 10−3 7 × 10−3 7 × 10−3 7 × 10−3 7 × 10−3 7 × 10−3

S [m2] 4.9 × 10−4 4.9 × 10−4 1.8 × 10−4 1.8 × 10−4 1 × 10−4 1 × 10−4

ρm [Ωm] 3.8 1.0 4.3 1.1 4.3 1.1

σm [mS/m] 265 1023 230 952 230 952

error [%] −15.1 −7.7 0.0 −0.2 0.0 −0.2

Varying the voltage, the electrical parameter of the material evaluated using Equation
(5) is in accordance with the expected conductivity at the corresponding electric field for
the Cube and for the Disk-case B. Here, a smaller surface is used for the electric current
evaluation, covering a more uniform area for the electric field distribution. On the other
hand, the Disk-case A leads to an overestimation of the conductivity up to 15%.

These results indicate that for this particular type of material, for which, the electrical
properties depend on the local value of the applied field, the cubic geometry is a more
reliable measurement model. In fact, the cubic geometry, for which the boundary conditions
impose a discontinuity on the current density, due to a non-conductive media in the
surrounding of the tested volume, allows to measure the electrical current inside the
analyzed volume, only in the region in which the electric field is uniform, leading to a very
accurate conductivity estimation, as confirmed by the last row of Table 3 data.

Using the constant conductivity model, the data in Table 4 shows the results for the
disk-shape samples with two different surface areas, confirming the dependence of the
accuracy with the surface selection itself.

Table 4. Conductivity estimation using the FEA, using the hypothesis of fixed conductivity medium
and assessment of the error of estimation for disk-shape model with variable measurement electrode.

Disk-Case A Disk-Case B

Voltage [V] 100 700 100 700

Current [A] 1.96 56.66 0.58 16.82

σ [mS/m] 230 950 230 950

R [Ω] 51.0 12.4 171.9 41.6

h [m] 7 × 10−3 7 × 10−3 7 × 10−3 7 × 10−3

S [m2] 4.9 × 10−4 4.9 × 10−4 1.8 × 10−4 1.8 × 10−4

ρm [Ωm] 3.578 0.899 4.338 1.051

σm [mS/m] 280 1154 231 952

error [%] −21.5 −21.5 −0.2 −0.2

Table 4 indicates that the estimated conductivities in the disk-shape model are different
for Disk-case A and Disk-case B. For the Disk-case A model, the estimated conductivity is
less accurate than that of using Disk-case B. In fact, the numerically obtained conductivity
in the larger surface electrodes case (Disk-case A) overestimates greater than 21% the
230 mS/m and the 950 mS/m applied values, whereas in the Disk-case B, the overestimation



Designs 2023, 7, 35 13 of 17

is less than 1%. Moreover, by comparing Tables 3 and 4, it is possible to observe that
the fixed-conductivity model performs worse than the field-dependent conductivity. In
particular for the Disk-case A in the field-dependent model (Table 3), the overestimations
of the numerical-evaluated conductivities are 15.1% and 7.7%, and the error is also three
times higher in the fixed conductivity model (21.5% in Table 4).

The analysis of these data confirms once more that the adoption of a computational
area in which the maximum electric field uniformity distribution is mandatory.

Conversely, the cube-shape samples are not affected by this phenomenon, as the
simulation results reported in Figure 8. In fact, the FEA results reported in Figure 8 in
terms of the colored map of the electric field strength and arrow-plot of the current density
show the uniformity of the electric field in all the considered volume. The uniformity is
guaranteed for both the lower (230 mS/m) and higher (950 mS/m) conductivity considered
as fixed values. If the computed data are used to numerically derive the conductivity in
the material, such as in the SC measurement configuration, the cube-shape sample seems
robust also if the fix-conductivity model is used.

Table 5 shows the evaluated conductivities for the cube-shape model, obtained from
the applied voltage at electrodes and the current flowing through the electrized face
evaluated as the integral on the electrode surface of the normal component of the computed
current density. The last row shows the very low percentage error evaluated with respect
to the true fixed conductivity value reported in the third row.

Table 5. Conductivity estimation using the FEM and assessment of the error of estimation for the
cube-shape model.

Cube–Case Model

Voltage [V] 100 700

Current [A] 0.33 9.50

σ(E) [mS/m] 230 950

R [Ω] 304.3 73.7

h [m] 7 × 10−3 7 × 10−3

S [m2] 1 × 10−4 1 × 10−4

ρm [Ωm] 4.35 1.05

σm [mS/m] 230 950

error [%] 6.08 × 10−5 −4 × 10−5

The data in Table 5 show that in the cube-shape model the percentage error in the esti-
mated conductivity is close to 10−5%, compatible with the numerical approximation error.

4. Conclusions

In this research, we designed a measurement protocol to investigate the effect of
electroporation protocol variations on the conductivity of the biological samples. The
measurement protocol used include directly measuring on the chamber slide in which the
samples are placed. This way, the effect related to the repeated insertion and removal of
the measurement electrodes or by the change of the test chamber is minimized.

The proposed protocol was organized in 5 steps.
In step 1, the protocol to be tested and the parameters under investigation are chosen.
In step 2, the samples to be tested were prepared and put inside the treatment chamber,

which was also used as measurement chamber.
In step 3, the measurement of the pre-treatment direct current conductivity was

conducted with the standard procedure on a cube-shape sample.
In step 4, the pulsed electric field treatment was conducted using the same measuring

electrodes but changing the generator. By utilizing the data collected in the generator,
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the last-pulse conductivity parameter was obtained offline. This parameter is a useful
information of the tissue electroporation.

In step 5 (the last step), the measurement of the post-treatment direct current conduc-
tivity was conducted, using the standard procedure on the cube-shape samples, always
using the same electrodes. The latter has also been used as a ‘measure’ of electroporation.

Potato tissues were used as a representative of biological tissues since its behavior to
the applied electric field in terms of electrical conductivity is well-known. The electropo-
ration effect can be evidenced by the fast darkening of the sample after electroporation
with respect to untreated samples [41,57]. The samples were treated by a square wave
voltage 100 µs long, with high strength (100–800 V in a 1 cm-depth sample), in order to
evaluate the effect of a single protocol parameter. This way, we performed experiments,
considering both the electroporation and non-electroporation conditions. The comparison
between the data obtained under standard and non-standard conditions are consistent (no
substantial changes are evidenced in electrical properties in standard conditions, if the
sample is not-electroporated). An increase in conductivity is found in the case of exposition
of the sample to electroporation.

We also used finite element analysis to validate the disk-shape and the cube-shape
chambers in electrical property measurement. The finite element simulations were per-
formed both in the case of a constant and an electric field-dependent conductivity.

Overall, the designed method could be used to study different electroporation proto-
cols, focusing on the effect of one or more parameters. Towards that, this study is a starting
point for further investigations on different biological samples.
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55. Čorović, S.; Županič, A.; Kranjc, S.; Al Sakere, B.; Leroy-Willig, A.; Mir, L.M.; Miklavčič, D. The Influence of Skeletal Muscle
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