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Abstract

Introduction: Electroporation is a technique that increases the cell membrane permeability by application of
electric pulses and has a widespread use in different fields such as medicine, biotechnology as well as in the
food industry. Electric pulses unavoidable cause electrochemical reactions at the electrode–electrolyte interface
among others, metal release from the electrodes. Consequently, a challenge in developing electroporation
treatments is in predicting and optimizing the factors affecting electrochemical reactions. Efficient tool for
optimization of electroporation protocols is by modeling the reactions that take place close to the electrodes.
Objectives: The aim of this work was to develop and validate a numerical model to describe electrochemical
reactions, mainly metal dissolution taking place at the electrode–electrolyte interface during the application of
electric pulses.
Methods: The analysis was focused on modeling aluminum cuvette and stainless steel plate electrodes, as they
are commonly used in electroporation research. A two-dimensional model was used with Nernst–Planck
equations for ion transport and Butler–Volmer equations to describe electrode kinetics thus for the first time
giving the possibilityto implement different electroporation protocols, that is, pulse waveforms as an input
function to the numericalmodel. The developed model was validated using experimental study by Kotnik et al.
Results: Numerical model shows that the pulse amplitude and polarity (monophasic vs. biphasic) greatly affects
the dissolution of aluminum and iron ions from the electrodes.
Conclusions: The presented model requires further improvements but can with its limitations be used to
optimize electroporation pulse waveforms in medicine and biology.
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Introduction

Exposure of biological cells to electric field has proven
to be a useful tool for manipulating the cell membrane

permeability and has a widespread use in many medical1–4

and biotechnological applications5,6 as well as in the food
industry.7 Even short-term exposure to electric field can in-
duce structural changes in biological membranes owing to
the formation of hydrophilic pores. As a result, the membrane
becomes temporarily more permeable for molecules, which
usually lack the mechanism to cross the membrane’s hy-
drophobic barrier.8 This phenomenon is known as electro-
poration.9

In medicine and biology, electroporation is used in nu-
merous applications including electrochemotherapy,10 gene
therapy,11 and tissue ablation.12 When using reversible
electroporation the cell remains viable after exposure to
electrical pulses and is used primarily for introduction of
chemotherapeutic drugs or genes into the cell. On the con-
trary, in irreversible electroporation (IRE), the membrane can
reseal, but the cell dies nevertheless.2 IRE is mainly used for
tissue ablation of abdominal tumors and heart muscle.3,13–15

It is believed that tissue destruction is caused mainly by ne-
crosis and/or apoptosis.16 Because of application of electric
pulses, electrochemical reactions occur at the electrode–
electrolyte interface, potentially contributing to cell death as
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suggested recently.17–21 These reactions cause electrolysis,
which results in pH changes, generation of radicals, and the
release of metal ions from the electrodes, as well as formation
of bubbles in the form of gaseous oxygen and hydrogen.7,22

Owing to the increasing use of electroporation in biology
and medicine and in particular in intracardiac ablation,13–15 it
is important to carefully examine all possible electrochemical
processes and thus ensure minimization of unwanted elec-
trode chemical reactions to guarantee its safe and best use.

Electroporation can be electrochemically described as an
application of electric pulses passing electric current through
electrodes in contact with the tissue.23 Application of electric
pulses unavoidably causes electrochemical reactions at the
electrode–electrolyte interface, specifically, metal release
from the electrodes, which can have adverse effects on the
electroporation process, equipment, and biological tissue.
Aluminum cuvettes and stainless steel electrodes are com-
monly used in electroporation-based experiments and treat-
ments.24 However, aluminum is known to be toxic to the
biological environment.25–27 Excess iron ions can also lead
to modifications of the cell membrane28,29 and cause lipid
oxidation.30,31 What is more, electrochemical reactions also
cause electrode wear owing to corrosion, and their surface
roughness can increase because of metal dissolution.32 This,
in turn, can lead to distortions of the electric field and arc-
ing, which shortens the lifetime of the electrodes.33 Elec-
trochemical reactions are therefore important aspect of
electroporation process, but not well described yet.

Limited research is available on electrode’s reactions and
their consequences. It has been found that the amount of
dissolved metal depends on the material of the electrode, and
pulse parameters such as its shape, amplitude, polarity, and
duration as well as the composition and chemical–physical
properties of the electrolyte.34–36 Different strategies are
used to reduce the intensity of electrochemical reactions, for
example, lowering the current and the conductance of the
electrolyte, shortening the pulses, or use of biphasic pulses.
Studies also showed that different pulse repetition rate affects
the concentration of released metal ions.22,37

One possible tool for optimization of electroporation
protocols is by modeling the electrochemical processes and
reactions that take place close to the electrodes. Numerical
models can be used to predict the course of electropora-
tion, electrochemical processes occurring at the electrode–
electrolyte interface, pH changes, and any possible side
effects.22,23,33,35,38 With a set of differential equations, we
can describe electrochemical reactions and by solving these
mathematical models, concentration profiles of dissolved
substances and the potential profile can be simulated as a
function of used electroporation protocol.39–41

The aim of this work was to develop a numerical model
to describe electrochemical processes taking place at the
electrode–electrolyte interface, for minimization of unwanted
processes such as undesirable metal release from aluminum
cuvettes24,34,42,43 and from stainless steel electrodes41,44–47

during electroporation. A two-dimensional (2D) numerical
model was developed with Nernst–Planck equations for ion
transport and Butler–Volmer equations to describe electrode
kinetics. The model was solved with COMSOL Multiphysics
(Comsol, Inc., Burlington, MA).48 The results were com-
pared with experimental data from the study of cell sus-
pension contamination carried out by Kotnik et al.34

The emphasis of the study was on the use of two different
electroporation protocols, namely monophasic and biphasic
electric pulses, which were used in the model using COM-
SOL’s built-in function. The study shows that not only the
pulse amplitude but also the polarity of the electric pulses
greatly influences the dissolution of metal ions. The model can
be further used to study optimal electroporation parameters
with the novel possibility to implement the electric pulse
waveform as an input function to the numerical model. Spe-
cifically, we can use the pulse waveforms measured during
experiments and treatments as an input function to the model.

Theory

Electroporation, that is, electric pulse delivery, can be re-
presented as an electrochemical cell, where two or more elec-
trodes are immersed in electrolyte.38,49 Most often metals are
used to build electrodes, consequently electric current flows
through them via the movement of electrons. Once we place an
electrode in the (aqueous) electrolyte, the movement of elec-
trons in the electrodes is converted to the movement of ions in
the electrolyte. Consequently an electrode–electrolyte interface
will form, where electrical energy in the form of electrons is
transferred to chemical energy in the form of ions.45,50,51

Two electrodes with different polarities and processes are
distinguished, the positive anode where oxidation or loss of
electrons takes place and the negative cathode where reduc-
tion or gain of electrons occurs. If NaCl is used as an aqueous
electrolyte then anodic electrochemical reactions consist
mainly of production of oxygen, gaseous chlorine and pro-
tons, whereas gaseous hydrogen and hydroxide ions are re-
leased at the cathode. This results in acidification (lowering
pH) at the anode and alkalinization (increasing pH) at the
cathode.22,23,35,38 The most important electrochemical reac-
tions at the anode are the oxygen evolution and chlorine
evolution reactions:

2H2O 4 O2 gð Þ þ 4H þ þ 4e� (1)

2Cl� 4 Cl2 gð Þ þ 2e� (2)

When using a metal electrode, the dissolution of the ma-
terial from the anode occurs as well:

M sð Þ4 Mxþ þ Xe� (3)

The main reaction at the cathode is the hydrogen evolution:

2H2Oþ 2e� 4 H2 gð Þ þ 2OH � (4)

The only homogeneous chemical reaction in the electro-
lyte that is accounted for in our model is the water proteolysis
reaction:

H þ þ OH � 4 H2O: (5)

Important phenomenon of electrochemical cells is the so-
called double layer.52 Electric double layer refers to the
region of charged particles that forms at the electrode–
electrolyte interface even if no external voltage is applied. It
consists of two layers: the first layer comprises ions that are
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strongly attracted to the electrode surface and form a con-
densed layer, called the Stern layer; the second layer consists
of ions that are less strongly attracted to the electrode surface
and form a diffuse layer, called the Gouy–Chapman layer.39

Once the potential drop across the double layer overcomes
the threshold voltage of the reaction potential of electrode
material, electrochemical reactions start to occur.41,45

The electrochemical reactions that occur at each of the two
electrodes are also determined by the choice of material.
When an electrochemically soluble material, such as alumi-
num,53 is used, the majority of the anodic current results from
the dissolution of the metal. Metal ions are then transported
to the surrounding electrolyte, where they may produce
harmful effects to cells, depending on the type of metal
used.23,36,42,49,53,54 The amount of chemical reactions and
released metal ions is proportional to the charge in the form of
electrons that is transferred across the electrode–electrolyte
interface, during the oxidation or reduction, that is, to the
amplitude and duration of the electric current. The metal ions
and other ionic species released at the anode and cathode are
transported to the surrounding electrolyte mainly by diffu-
sion, owing to existing concentration gradients, and migra-
tion during the electric pulse, owing to electric potential
gradient.22,47

Furthermore, the reaction products, specifically the H þ

and OH � ions produced around the electrodes, are believed
to be the main cause of tissue ablation by low-level direct
current (electrochemical treatment) owing to electrolysis

and strong changes in pH.35,51,55,56 If one of the mechanism
leading to cell death during electric pulse application is
related to the electrochemical reactions at the electrode–
electrolyte interface such as electrolysis, metal dissolution,
and pH changes, then a numerical model describing these
processes can be a useful tool to optimize the electroporation
protocols. Such a model should be able to calculate con-
centration profiles of substances dissolved in the electrolyte
as well as the potential profile in dependence of different
electroporation parameters.57

Modeling

A finite element method–based software COMSOL Mul-
tiphysics 6.0 (Comsol, Inc.) with Electrochemistry module
was used for all numerical computations. The electro-
chemical model consists of two electrodes, namely the anode
and the cathode surrounded by the electrolyte as in previ-
ous studies.23,35,51,58 The analysis was focused on a model of
either aluminum cuvette or stainless steel plate electrodes,
as they were used in the experiments we used for model
validation.34 As an approximation, the cell suspension was
treated as an aqueous solution of 0.16 M NaCl at pH 7.

The following simplifications were used in the model,
namely, convection was neglected. Also it was assumed that
the gas bubbles formed on the electrode surface do not in-
fluence the overall conductivity of the electrolyte. The so-
lution domain to the problem is the electrolyte phase, where

Table 1. Input Parameters of the Mathematical Model

Name Value Description Name Value Description

x 2 mm Geometry x z_Fe 2 Charge number, Fe
y 9 mm/11.3 mm Geometry y z_Al 3 Charge number, Al
D_Na 0.89-5 cm2/s Diffusivity, Na z_OH -1 Charge number, OH
D_H 6.25e-5 cm2/s Diffusivity, H i_I0 1e-6 A/m2 Exchange current density,

reaction 1
D_Cl 1.36e-5 cm2/s Diffusivity, Cl i_II0 10 A/m2 Exchange current density,

reaction 2
D_Fe 1.98e-5 cm2/s Diffusivity, Fe i_III0 0.1 A/m2 Exchange current density,

reaction 3 Fe
D_OH 3.52e-5 cm2/s Diffusivity, OH i_III0 1e-4 A/m2 Exchange current density,

reaction 3 Al
T 298 K Temperature i_IIII0 1 A/m2 Exchange current density,

reaction 4
Na0 0.16 M Initial concentration, Na E_eqI 1.23 V Equilibrium potential,

reaction H
H0 1e-7 M Initial concentration, H E_eqII 1.36 V Equilibrium potential,

reaction Cl
Cl0 0.16 M Initial concentration, Cl E_eqIII -0.44 V Equilibrium potential,

reaction Fe
Fe0 1e-4 M Initial concentration, Fe E_eqIII -1.66 V Equilibrium potential,

reaction Al
Al0 1e-4 M Initial concentration, Al E_eqIIII -0.828 V Equilibrium potential,

reaction OH
OH0 1e-7 M Initial concentration, OH kf 1.5e11 dm3/

(mol s)
Backward rate constant

water hydrolysis
H2O0 55.5 M Initial concentration H2O kb 2.7e-5 s-1 Forward rate constant

water hydrolysis
z_Na 1 Charge number, Na z_Cl -1 Charge number, Cl
z_H 1 Charge number, H D_Al 3.65e-5 cm2/s Diffusivity, Al

All input parameters were obtained from Nilsson et al.23 For Al3+ and Fe2+ the values were obtained from Electrochemical Thermodynamics
and Kinetics (Landolt-Börnstein: Numerical Data and Functional Relationships in Science and Technology).61
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transport equations take place. There are two boundaries;
the anode surface and the cathode surface, where reactions
take place. All the kinetic parameters were obtained from the
literature and can be found in Table 1. The transport equa-
tions and electrode kinetics used in the mathematical model
are presented hereunder.

Geometry

The model consists of two Rectangle 2D geometries, the
first geometry represents the aluminum cuvette (Fig. 1A), and
the second geometry represents the stainless steel plate
electrodes (Fig. 1B). The modeled 2D geometries are given in
Figure 2.

Governing equations

The main equations used in the COMSOL numerical
model are described hereunder. The COMSOL Electro-
chemistry module provides users with ready-made, user-
friendly interface for modeling electrochemical processes.
The model uses the Tertiary current distribution, Nernst–
Planck interface to describe the transport and reactions dur-
ing application of electric pulses. Using Nernst–Planck
equation, the problem was solved for several variables, such
as the concentration of individual ions, for example, Na+, Cl-,
H+, OH- and metal ions according to the material used for the

electrode in the model. Therefore, metal release can be de-
scribed as a mass transport process using Nernst–Planck
equation:

@ci

@t
¼ �=Ni þRi (6)

where ci is the concentration and Ri the reaction rate of the
ionic species i. Ni is the molar flux of the ionic species i.
Sodium-based electro-neutrality was used as a charge con-
servation model, for example, Na+ concentration was obtained
by Equation 7 where zi is the valence number of the ion:

+
5

i¼ 1

zici¼ 0 (7)

Transport of ionic species takes place by diffusion, owing
to concentration gradients, and electric migration, caused by
the presence of electric potential gradients. Therefore, the
molar flux, Ni, of the ionic species i can be expressed as:

Ni¼ �Di=ci� ziuici=F (8)

where Di is the diffusion coefficient, ui is the mobility and zi is
the number of charges carried by the ion i (valence number).
F is the electric potential in the electrolyte, therefore, =F is

FIG. 1. Three-dimensional geome-
tries that were converted to two-
dimensional geometries used in the
numerical model: (A) aluminum cu-
vette, h = 20 mm, y = 11.3 mm, x = 2 mm
between the electrodes and (B) stain-
less steel electrodes with the cor-
responding dimensions: h = 20 mm.
y = 9 mm, x = 2 mm between the elec-
trodes.

FIG. 2. Two-dimensional geometries implemented in the numerical model. (A) The two-dimensional rectangle geometry
for aluminum cuvette and (B) stainless steel electrodes. The distance between the electrodes (x) was 2 mm in both cases.
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electric field in electrolyte. Faradic current density, j in the
electrolyte is calculated from the flux of charged species, and
is given by Faraday’s law:

j¼F +
5

i¼ 1

ziNi (9)

where F is the Faraday constant. Therefore, the equation for
conservation of electric charge =j¼ 0, is used to solve the
electric field:

+
5

i¼ 1

ziDi=
2ciþ = +

5

i¼ 1

ziuici=F¼ 0: (10)

In addition to the transport equations, kinetics of the
electrode reactions are introduced at the anode and cathode
boundary. The expressions for molar fluxes at the boundaries
are based on the electrode reaction currents based in Equation
8 and Equation 9:

Ni¼
� viji

nF
(11)

where vi represents the stoichiometric coefficient, n the
number of electrons transferred in the electrochemical reac-
tion and ji the Faradic current density for reaction i. The
partial current density expression for each reaction was cal-
culated using the Butler–Volmer type of kinetics expression
with From kinetics expression option in COMSOL; there-
fore, the current density for electrochemical reactions is
calculated as:

I¼ Io exp
aaFz
RTð Þ � exp

acFz
RTð Þ

� �
(12)

where Io is the exchange current density. The first exponential
term in Equation 12 represents the rate of the anodic process,
whereas the second term is that of the cathodic process. aa
and ac are the anodic and cathodic transfer coefficients, re-
spectively. Transfer coefficients describe the likelihood of
electrochemical reactions occurring at the electrodes. These
coefficients are used in the framework of the Butler–Volmer
equation, describing the relationship between the rate of the
electrochemical reaction and the electrode potential. For re-
actions taking place at the anode (Equation 1, 2, 3) the aa was
set to 1 and ac to 0. The same is true for reactions taking place
at the cathode (Equation 4) where ac was 1 and aa was 0. R is
the gas constant and T is temperature.

Electrodes were introduced as boundary conditions to the
left and right side of the studied geometry. Electrode surface
node was used to model anode and cathode with specific
reactions. For upper and lower boundary condition, for ex-
ample, insulation, there was no flux � n�Ni¼ 0 and no
electric potential � n� ji¼ 0. In the electrolyte, the Reactions
node was used to model the water proteolysis reaction.

Electric potential was applied to the Electrode surface
node as an External electric potential condition. Monophasic
and biphasic electric pulses were used in the model. For eight
monophasic pulses the pulse duration was 1 ms, frequency
was 1 Hz. The electric pulse was obtained by subtracting
two Heaviside functions using COMSOL’s built in function
flc1hs.59,60 The pulse rise time was set to 0.001 ms to ease the

sharpness of the square pulse for better convergence of the
model. The values of electric potential applied were from
40 V to 400 V.

For eight biphasic pulses, each pulse was of 1 ms total
duration (500 ls of positive polarity followed by 500 ls of
negative polarity). For biphasic pulses the electric pulse was
obtained in a similar way to monophasic one. The positive
polarity pulse was obtained subtracting two Heaviside
functions using COMSOL’s built-in function flc1hs.
The negative polarity pulse was obtained by multiplying
the positive one with (-1). The pulse rise time was set to
0.001 ms and the delay time between positive and negative
pulse was 0.1 ms.59,60 The polarities were exchanged in such
a way that the first 500 ls of pulse was applied to the anode
surface and the opposite polarity for the duration of 500 ls
was applied to the cathode surface. In such a way, anodic
reactions were exchanged for cathodic reactions midpulse.
The values of electric potential applied were from 40 V to
280 V (peak-to-peak amplitude). The function of electric
pulses was implemented in the Definitions section, under
Function, Analytic.

Electrochemical reactions were applied to the anode
(Equation 1, 2, and 3) and cathode (Equation 4) electrode
surface. For each specific reaction the stoichiometric coeffi-
cients, equilibrium potential Eeq and electrode kinetics were
applied. For the electrolyte reactions, the water proteolysis
reaction was considered with the following reaction rates
(Equation 13) for H+ and OH-.

RH ¼ROH ¼ kb � cH2O� kf � cH � cOH (13)

where, kb and kf are the rate constants of the water proteolysis
reaction in the backward and forward direction.

Initial and boundary conditions

Inputs to the model are the electric potential, width (y) of
the electrodes and the function to model the waveforms of
monophasic and biphasic pulses. Thermodynamic and ki-
netic parameters used in the model are listed in Table 1.
Standard electrode potentials are given relative to standard
hydrogen electrode at 25�C. The partial pressures of oxygen
and chlorine, produced at the anode, are assumed to be
constant and equal to 1 atm.

Computational methods

The set of partial differential equations introduced in the
previous paragraphs, with their relative initial and boundary
conditions were solved using the commercial software
package COMSOL Multiphysics 6.0 (Comsol, Inc.).

Events physics was used to solve the model. For mono-
phasic pulses 6 explicit events were added to describe a single
pulse, whereas for biphasic pulses 12 explicit events were
added to describe a single pulse. The event was made peri-
odic to include all eight pulses.

A user-defined mesh was implemented with custom ele-
ment size. Mapped distribution with linear growth rate was
used to discretize the electrolyte domain. Sufficiently dense
boundary layer elements close to the electrodes was im-
plemented to resolve the sharp concentration gradients and
suppress oscillations in the electrolyte domain until no
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further noticeable changes in the model results were ob-
served. Number of elements was 200 and element ratio was
400.

A time-dependent study with current distribution initiali-
zation was used to solve the equations. The studied time
range was 9 s, with 0.0001 s time-step. A user-controlled
tolerance was used with relative tolerance 0.0001. All the
simulations were performed using a PC running on Windows
10 with Intel� Core� i5-8259U CPU @ 2.30 GHz with 16
GB RAM, which allowed for solving the model in *10 min
computation time.

Model validation

The experimental data for metal release used to validate
the model was found in the study by Kotnik et al.34 In the
experimental study, the contamination of cell growth me-
dium during application of electroporation pulses with
varying voltage and pulse polarities was measured. A mass
spectrometry analysis of the cell growth medium was carried
out to obtain the concentration of released aluminum and iron
ions.34 The concentration values from the experimental study
were obtained from the corresponding graphs using ‘‘graph
reader’’ application. To obtain the concentration (mM) of the
released metal ions from the COMSOL numerical model, the
surface integration of the electrolyte domain was performed
for each specific concentration of studied ions. Surface in-
tegration was performed using Derived values option in
COMSOL. The obtained values for each specific ion con-
centration were then multiplied by the domain height (h) and
divided by the electrolyte volume (50 lL) as used in the study
by Kotnik et al.34

Results and Discussion

The time-dependent numerical model of electrochemical
reactions at the electrode–electrolyte interface during the
application of electric pulses was developed to observe the
release of metal ions, for example, aluminum and iron from
the electrodes, using different pulse waveforms functions as
input parameters to the model. By applying the transport
equations of ionic species in dilute solutions, and the equa-
tions of electrode kinetics, concentration profiles of metal
ions and potential distribution were calculated as functions of
used pulse waveforms.

Pulse waveform function, used in the model was either
8 · 1 ms monophasic pulses with frequency of 1 Hz as given
in Figure 3A or 8 · 1 ms (500 ls positive followed by 500 ls
negative) biphasic pulses with frequency of 1 Hz as given
in Figure 3B. Voltage was varied from 40 V to 400 V for
monophasic pulses and from 40 V to 280 V for biphasic
pulses in the Electrode surface node that was set as the
boundary condition in the model.

The spatial concentration profiles for Na+, Cl-, H+, and
OH- are given in Figure 4 and were obtained as a ‘‘cut-line
2D’’ datasets in COMSOL. For better visualization of the
concentration profiles in Figures 4, 5, and 6, the diffusivity
was multiplied by a factor of 103 in the Electrolyte, Diffusion
section of the model. Na+ ions are depleted close to the
positive anode surface, because it repels positive ions. At the
cathode, the concentration of Na+ ions increases because
the positive ions move toward the negative electrode (Fig. 4A).
There is no reaction for Na+ ions in the model; therefore, their
concentration remains constant throughout the simulation.
Negatively charged chloride ions move toward the positive
anode and away from negative cathode (Fig. 4B).

FIG. 3. Pulse waveform function used in the model. (A) The graph shows the function for monophasic pulses, which was
applied to the anode surface and multiplied with the corresponding voltage (40 V–400 V). (B) The graph shows the function
for biphasic pulses, where positive pulse was applied to the anode and negative pulse to the cathode and multiplied with the
corresponding voltage (40 V–280 V). (C) A single monophasic pulse function. (D) A single biphasic pulse function.
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In the simulation Cl- are reactants in the chlorine evolution
reactions, therefore their concentration decreases over time.
Positive H+ is a product of the oxygen evolution reactions at
the anode, whereas negative OH- is a product of hydrogen
evolution reaction at the cathode. H+ and OH- concentration
at the corresponding electrode surface increases (Fig. 4C, D).

With the known concentration of produced H+ and OH-

ions, a pH profile of the electrolyte domain can be obtained as
a function of distance between the anode and the cathode.
The pH profile is given in Figure 5. Acidic pH develops close
to the anode, whereas alkaline pH develops close to the
cathode.

Dissolution of metal ions

As the voltage applied in the numerical model reaches the
threshold value of the reaction potential of electrode material
and is higher than the equilibrium potential the dissolution of
metal ions starts to occur. With increasing voltage, an in-
crease in concentration of released metal was observed. The

highest concentration of released metal ions was observed as
expected, for the highest pulse amplitude, that is, 400 V
pulses. Figure 6 presents how the dissolution of (A) alumi-
num and (B) iron ions takes place after each 40 V pulse ap-
plication. Figure 6C and D show the release of metal ions
when pulses with amplitude of 400 V were applied. The
concentration of released aluminum ions is slightly higher
than of iron ions because more electrons play a role in the
electrochemical reaction of aluminum dissolution and is in
line with the experimental results. Since the anode is posi-
tively charged, the concentration profiles of positive metal
ions moves away from the anode toward the negative cathode
owing to diffusion in between the pulses and migration in
electric field during the pulses.

To compare numerical results with the experimental val-
ues the molar concentration (mM) of the released metal ions
was calculated. First, a concentration surface integral was
calculated over the modeled geometry. The surface integral
value was then multiplied by the height (h) of the electrodes
to obtain the amount of released metal ions in moles. The

FIG. 4. Simulated (A) Na+, (B) Cl-, (C) H+, and (D) OH- concentration (mM) versus distance (mm) after each mono-
phasic pulse application. Applied voltage = 40 V. Spatial coordinate, x component presents the anode surface at 0 and
cathode at 2 mm. For better visualization of the graphs, the diffusivity was multiplied by a factor of 103.

FIG. 5. Simulation of the pH profile for
monophasic pulses. As the H+ ions are
produced at the anode, the pH decreases to a
more acidic value. On the contrary, at the
cathode, OH- ions are produced, therefore
the pH increases to a more alkaline value.
Small oscillations can be seen on the cath-
ode side, which could be owing to the pH
calculation. Applied voltage = 40 V. For
better visualization of the graphs, the diffu-
sivity was multiplied by a factor of 103.
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obtained values were then divided by the volume (50 lL)
used in the experiments by Kotnik et al.34 As the pulse am-
plitude increases, the energy for the electrochemical reac-
tions is higher leading to a higher concentration of released
metal ions.

Biphasic pulses were also used in the numerical model. As
a first approximation, the biphasic pulse function was applied
to the anode for the positive polarity (500 ls) and to the
cathode for the negative polarity (500 ls). Therefore, the
anodic and cathodic chemical reactions were interchanged
during the simulation to model biphasic pulse application.
Increase in the dissolved metal ions was observed for both
aluminum and iron ions, with increasing biphasic pulse am-
plitude. However, metal release with biphasic pulses com-
pared with monophasic ones was five times lower for
aluminum and almost four times lower for iron ions. Of in-
terest, for higher amplitudes both Al3+ and Fe2+ dissolution
obtained from the model compare well at low amplitudes for
both monophasic and biphasic pulses (Figs. 7 and 8) but
deviates from experimental values for monophasic pulses.

Model validation

Modeled numerical results were compared with other peer-
review numerical studies found in the literature. Specifically,
the accuracy of the equations and input parameters for each
electrode reaction was verified. The spatial concentration
profiles for Na+, Cl-, H+, and OH- were also compared with
the ones found in previous studies, to make sure the physics
of our model is indeed correct.23,51,55

Model results were then compared with the experimental
data published in a study by Kotnik et al.34 and numerical
representation of results is given in Supplementary Data in
Tables S1 and S2. Good agreement between experimental
and simulated data can be observed for monophasic pulse
voltages <160 V as given in Figure 7. However, as the voltage
of the applied pulses increases our numerical model ap-
parently no longer adequately describes all the reactions
taking place, therefore, the concentration of released metal
ions in the model is lower than the one obtained in the
experiments.

FIG. 6. Concentration of released metal ions for (A) aluminum and (B) iron as a function of distance from the anode after
each monophasic pulse with applied voltage = 40 V. (C) and (D) Concentration profiles of aluminum and iron ions after
application of 400 V monophasic pulses. Spatial coordinate, x component presents the anode surface at 0 and cathode at
2 mm. For better visualization of the graphs, the diffusivity was multiplied by a factor of 103.

FIG. 7. Comparison of the
simulated metal release data
for monophasic pulses with
the experimental data from
Kotnik et al.34 for (A) alumi-
num and (B) iron ions.
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Discrepancies between numerical and experimental results
at higher voltages (>200 V) could be because of additional
electrochemical processes taking place at the electrode–elec-
trolyte interface that are not accounted for in the presented
numerical model. For example, the roughness of the electrode
surface increases with dissolution of metal ions and corrosion;
therefore, a larger surface is exposed to the electrolyte during
the experiments, possibly leading to a higher concentration of
released metal ions.22,32 Furthermore, metal ions can react
with other compounds in the electrolyte. Passivation and ac-
tivation of aluminum electrode occurs depending on the ap-
plied potential, the pH, and Cl- concentration. It has been
shown that that higher pH and Cl- concentration increase the
anodic reaction rates and consequently concentration of re-
leased aluminum.53,62 Experimental studies suggest that when
aluminum electrodes are used, a cathode dissolution of Al3+

can also occur owing to a chemical attack of OH- ions.63

Finally, the chloride ions present in the solution can also
attack the stainless steel electrode and cause continuous
dissolution of iron through pitting corrosion.64 What is more,
Fe2+ ions undergo iron oxidation to form Fe3+ in the presence
of chlorine.65 In the experimental study,34 Fe2+ as well as
Fe3+ ions were detected (because of analytical method used),
resulting in higher release iron concentration in the experimental
study. Metal ions released from the anode might also increase
medium conductivity54 leading to higher currents in the elec-
trolyte that would increase the concentration of released metals.
Furthermore, stainless steel is an iron alloy; therefore, it usually
consists of not only iron, but also chromium, copper, nickel,
manganese, and other metals, which are not accounted for in our
model and could lead to additional electrochemical reactions.

Furthermore, apart from water proteolysis reaction, elec-
trolyte reactions are not modeled in our simulation and could
explain the differences between the experimental and mod-
eled values. In addition, pH changes have an effect on higher
release of metal ions, which is not accounted for in our model.
What is more, in the experiments, the cell growth medium
was studied, which could result in additional electrochemical
reactions, owing to complex composition of the medium,
compared with the one used in the model, where NaCl sus-
pension was modeled.

Of interest, the modeled concentration of dissolved metal
fits the experimental results much better, when biphasic
pulses are used (Fig. 8). The amplitude for biphasic pulses
was modeled as peak-to-peak value; therefore, the single
electrode–electrolyte voltages were lower, leading to better
correlation between numerical and experimental results.

The modeled dissolution of aluminum ions for biphasic
pulses (Fig. 8A) is in good agreement with the experimental
results for pulse amplitudes up to 120 V, followed by a slight
overestimation of the modeled results for higher amplitudes.
Similarly, the agreement between model and experimental
results for iron dissolution with biphasic pulses (Fig. 8B) is
good for amplitudes up to 160 V, whereas at higher ampli-
tudes the model shows a higher release of metal ions as the
one obtained in experiments.

Overall, we were able to develop a numerical model
for description of electrochemical reactions and metal dis-
solution from aluminum cuvettes and iron electrodes dur-
ing application of monophasic and biphasic electric pulse
waveforms. However, the presented model would need fur-
ther improvements to sufficiently describe the metal disso-
lution at higher voltages as well. Additional electrochemical
reactions at the electrode–electrolyte interface should be
identified and modeled, as well as secondary reactions of
released aluminum and iron ions in the electrolyte. Never-
theless, with the given model, fewer experimental studies
would be required for optimization of electroporation pulses
protocols to achieve lower metal dissolution.

Conclusion

Electrochemical numerical models are important for a
better understanding of reactions occurring at the electrode–
electrolyte interface during the application of electric pulses.
In our study, we developed a numerical model to describe
dissolution of aluminum and iron ions at the electrode–
electrolyte interface during application of 8 · 1 ms mono-
phasic and biphasic pulses. The monophasic and biphasic
electric pulse waveforms were introduced in the model as
input parameters, thus providing the possibility to study the
metal release in dependence of different pulse protocols with
varying interphase and interpulse delays. We were able to
validate the model using experimental result published in the
article by Kotnik et al.34 However, the model also showed a
lack of complete description of electrochemical reactions at
amplitudes higher than 160 V.

The numerical model therefore still needs further de-
velopment, such as the introduction of additional electro-
chemical reactions at the electrode–electrolyte interface,
secondary reactions in the electrolyte, and pH-induced modi-
fications. Nevertheless, the developed and validated numerical
model can be in principle used for optimization of protocols
used in electroporation-based technologies and treatments.

FIG. 8. Comparison of the
simulated metal release data
for biphasic pulses with the
experimental data from Kot-
nik et al.34 for (A) aluminum
and (B) iron ions.
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chronic lesion characterization of pulsed field ablation in

a Porcine model. J Cardiovasc Electrophysiol 2021;32(4):
958–969; doi: 10.1111/jce.14980.

14. Sugrue A, Vaidya V, Witt C, et al. Irreversible electro-
poration for catheter-based cardiac ablation: A systematic
review of the preclinical experience. J Interv Card Elec-
trophysiol 2019;55(3):251–265; doi: 10.1007/s10840-019-
00574-3

15. Maor E, Ivorra A, Mitchell JJ, et al. Vascular smooth
muscle cells ablation with endovascular nonthermal irre-
versible electroporation. J Vasc Interv Radiol 2010;21(11):
1708–1715; doi: 10.1016/j.jvir.2010.06.024

16. Batista Napotnik T, Polajžer T, Miklavčič D. Cell death
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