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A B S T R A C T

Electroporation often leads to electrochemical reactions at the electrode-electrolytic solution interface, partic-
ularly when using monophasic pulses of considerable duration (typically on the order of several microseconds or
longer) that cause not only capacitive charging of the double-layer, but also faradaic charge transfer between the
electrodes and the solution. Applications, where the electrochemical changes are to be either avoided or actively
exploited to benefit the treatment, range from gene electrotransfer to electrolytic ablation of tissue. Through
numerical modelling and experimental validation, our study explores the extent of pH changes induced by
faradaic currents in a surrogate tissue. A mechanistic multiphysics model of pH changes was developed based on
first principles, incorporating hydrolysis reactions at the anode and cathode, and the Nernst-Planck model of ion
transport. The model was validated using agarose gel tissue phantoms designed to simulate unbuffered and
buffered (mimicking in vivo tissue buffering capacity) conditions. An imaging system with pH-sensitive dyes was
developed and used to visualise and quantify pH front formation and migration. The model predictions quali-
tatively aligned well with experimental data, differentiating pH front behaviour between unbuffered and buff-
ered media. However, the quantitative accuracy in predicting the temporal and spatial evolution of the pH fronts
can be further improved. Experimental observations emphasise the need for more advanced models. Neverthe-
less, the developed model provides a sound theoretical foundation for predicting pH changes due to high-voltage
electric pulse delivery, such as encountered in electroporation-based treatments and therapies.

1. Introduction

Electroporation is a biophysical phenomenon in which short, high-
voltage electric pulses are used to transiently permeabilise the cell
plasma membrane, facilitating the transport of ions and molecules
across the membrane, and is often used to introduce various drugs and
nucleic acids into the cells [1–3]. This phenomenon has shown great
promise in various fields of biomedicine, biotechnology, and food pro-
cessing [4–10]. Electroporation can be either reversible or irreversible,
depending on the amplitude and duration of the pulses. Reversible
electroporation temporarily disrupts the cell membrane and is utilised,
for example, in gene electrotransfer and drug delivery [11,12]. Irre-
versible electroporation, on the other hand, leads to cell death and is
used in tissue ablation, particularly in tumour treatment, and more
recently also in the treatment of cardiac arrhythmias, particularly atrial
fibrillation [10,13–17].

Electroporation in tissue is achieved by applying high-voltage (often
accompanied by high-current) electric pulses via electrodes. These high-

voltage (high-current) pulses also cause heating in the tissue and elec-
trochemical reactions at the electrode-electrolyte interface [18,19].
While electroporation and tissue heating have been extensively studied,
the changes in pH and their effects are still relatively unexplored
[20–23]. In tissue, pH changes are caused by the electrolysis of water, i.
e., hydrolysis. Hydrolysis leads to significant pH changes at the
electrode-electrolyte or electrode-electrolytic solution interface, result-
ing in extreme local pH changes [24–27]. The pH changes in tissue may
be important in e.g. gene electrotransfer, where control of pH conditions
is crucial for maintaining the stability of plasmid DNA. Extreme pH
changes can negatively affect transfection efficiency by, in the most
extreme case, denaturing the plasmid DNA, but also affecting cell
viability [28,29]. For successful gene expression, it is thus critical to
minimise pH changes, and thus plasmid DNA and tissue damage [12,29,
30].

Conversely, pH changes were recognised as the main mechanism of
action in the electrochemical treatment of tumours. This approach uses
low-level DC to establish acidic and alkaline environments and cause
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cell death [31–36]. Recently, it has been suggested that the combined
use of electroporation and electrolysis, termed E2, enhances cell death
and consequently tissue ablation by allowing the electrolytic products to
enter into the cell through a permeabilised cell membrane, thereby
reducing the required charge and treatment duration [37–40].
Furthermore, it was shown that ablation volumes comparable to con-
ventional irreversible electroporation (using high-voltage pulses) can
also be achieved with a larger number of low-voltage pulses, suggesting
that electrolysis and pH changes contribute significantly to cell death
[41]. On the other hand, the use of sub-microsecond electric pulses in
electrochemotherapy has shown that these pulses reduce heating and
electrochemical reactions, although requiring higher concentrations of
chemotherapeutic agents for similar cytotoxic effects [42]. Additionally,
sub-microsecond electric pulses have been shown to be effective in gene
electrotransfer [29,43], a therapy that would also benefit from the
reduced heating and electrochemical reactions associated with
sub-microsecond pulses.

Computational models show that pulse amplitude and polarity
significantly influence the dissolution of metal electrodes, highlighting
the importance of optimising these parameters. Recent studies using a
multiphysics approach have further explored the electrochemical effects
and electrode material alterations in electroporation, giving important
insights into the underlying mechanisms [18,44]. Furthermore, mag-
netic resonance imaging and electrical impedance tomography have
been used to monitor pH changes during electrolysis in real-time [45,
46]. Understanding the significance of pH changes is also crucial in the
field of pulsed electric field (PEF) treatments of foods as they affect the
inactivation of microbes, enzymes, and cause electrode corrosion. By
optimising the pulse waveforms, undesirable electrochemical reactions
can be minimised [47,48]. Finally, multiphysics modelling has provided
insight into the effects of pulse frequency and medium composition on
metal release from the electrodes, enabling optimisation of PEF treat-
ment conditions to reduce electrode degradation [49].

Pioneering work in modelling electrochemical treatments was done
by Eva Nilsson et al. for both the unbuffered and buffered electrolytes.
Their models are based on the Nernst-Planck system of equations [24,25,
32,33]. Subsequent studies have made important contributions by
investigating pH-front interaction in tissue, the optimal dose-response
relationship, innovative electrode configurations, protein denaturation
dynamics, and comprehensive 2D modelling [50–56]. However, these
models specifically address the electrical conditions typical of the elec-
trochemical treatment of tumours, in which direct currents of low am-
plitudes are applied over a longer period, often up to several hours [34].
In contrast, electroporation uses short, high-amplitude pulses, which
require careful setup of the numerical methods of resolving the model,
as the pulses of high amplitude in both voltage (and often current) make
the simulation inherently unstable. Consequently, recent studies have
focused on the computational modelling of pH changes during electro-
poration. Electroporation has been shown to create significant and im-
mediate formation of pH fronts that can lead to tissue damage if not
controlled [26,57,58]. It has also been suggested that pH fronts are the
primary cause of muscle damage in gene electrotransfer protocols [27,
59]. Additionally, a dose-response model linking pulse dosage to tissue
damage was developed [60]. Overall, these studies highlight the crucial
role of modelling in optimising and understanding electrochemical
processes involved in the treatment.

The aim of our study was thus to build a comprehensive mechanistic
computational model of pH changes in tissue during and after the
application of electric pulses with parameters typical of electroporation
as used in gene electrotransfer (milliseconds-duration monophasic pul-
ses). The developed model was validated by experiments using agarose
gels to which various pH indicators were added to monitor pH changes.
In addition, a video recording system was developed and calibrated to
allow for a direct comparison between the experimental results and the
model calculations. The aim of this approach was to establish reliable
reproducible experimental protocols and to validate the computational

model and ensure its accuracy and applicability in predicting pH
changes during electroporation.

2. Materials and methods

2.1. Governing equations and transport mechanisms

The Nernst-Planck equation system, which describes the transport of
ionic species and the distribution of the electric potential in the elec-
trolyte, was used as a framework for the model. Two configurations were
analysed: an unbuffered model and a buffered model, based on previous
work [24,25,27,32,33]. For the unbuffered model, the system consists of
equations for the concentration of ions in a four-component electrolyte,
where the components are hydrogen (H+), hydroxide (OH− ), chloride
(Cl− ), and sodium ions (Na+), along with an equation for the spatial
distribution of the electric potential (ϕ). The system, therefore, consists
of five coupled partial differential equations. These equations consider
two mechanisms of ion transport, namely diffusion, which is driven by
concentration gradients, and migration, which is driven by the gradient
of the electric potential. Convection is considered negligible and is
therefore not considered in the model. This assumption is likely valid
under in vivo conditions due to the phenomenon of the vascular lock,
wherein electroporation pulses cause a temporary and localised cessa-
tion of perfusion, effectively immobilising the pH-altering products
within the treated area [61]. The buffered model contains a bicarbonate
buffer which expands the electrolyte to a seven-component system by
adding bicarbonate (HCO−

3 ) and carbonate ions (CO2−
3 ), and carbon di-

oxide (CO2) to the components of the unbuffered model. This leads to a
system of eight coupled partial differential equations, introducing
additional complexity and numerical stability challenges.

The mass balance of the ions of species i is defined as

∂ci
∂t = − ∇⋅Ni + Ri, (1)

where ci is the ion concentration of species i, t is the time, Ri is the
production of species i by chemical reactions in the electrolyte, and Ni is
the molar flux of ions of species i, defined as

Ni = − Di∇ci −
zi
|zi|

uici∇ϕ, (2)

where Di is the ion diffusion coefficient of the species i, zi is the charge of
the species i, ui is the ion mobility of the species i, and ϕ is the electric
potential in the electrolyte. The first term in Eq. (2) describes the
mechanism of diffusion, and the second term describes electrophoresis,
i.e., the migration of charged species due to the electric field. Ion
mobility and the diffusion coefficient are linked by the Nernst-Einstein
equation

Di =
RT
|zi| F

ui, (3)

where T is the temperature, R the universal gas constant, and F the
Faraday constant. The last differential equation used is the equation for
the conservation of electric charge

∇

(
∑N

i=1
|zi|uici∇ϕ

)

+
∑N

i=1
ziDi∇

2ci = 0. (4)

Note: the upper bound N of summation in Eq. (4) depends on whether
the buffer is considered: N = 4 in the unbuffered model and N = 7 in the
buffered model, respectively. Finally, the condition of electroneutrality
must be considered

∑N

i=1
zici = 0. (5)
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During pulse delivery, oxidation (i.e., electron loss) takes place at the
anode and reduction (i.e., electron gain) at the cathode. When platinum
is used as an electrode material in biological tissue, the anodic reactions
consist mainly of the production of oxygen and chlorine gases, while
hydrogen gas is released at the cathode. The main reactions at the anode
are therefore oxygen and chlorine evolution

2H2O⇌O2(g) + 4H+ + 4e− , (6)

2Cl− ⇌Cl2(g) + 2e− , (7)

while the main reaction at the cathode is hydrogen evolution

2H2O+ 2e− ⇌H2(g) + 2OH− . (8)

In the case of the unbuffered model, only one chemical reaction is
considered, the water autoprotolysis reaction

H+ + OH− ⇌
kw,f

kw,b
H2O. (9)

In the buffered model, however, three additional chemical reactions
are considered

H+ + HCO−
3 ⇌
kb1,b

kb1,f
CO2 + H2O, (10)

OH− + CO2 ⇌
kb2,b

kb2,f
HCO−

3 , (11)

OH− + HCO−
3 ⇌

kb3,b

kb3,f
CO2−

3 + H2O. (12)

Appendix A provides the additional equations that define the pro-
duction of ionic species, as well as the boundary and initial conditions
for the numerical model.

2.2. Computational approach

The system of equations defined above was solved using the finite
element method in the COMSOL Multiphysics (COMSOL Inc., Sweden)
software environment, utilising the Tertiary Current Distribution,
Nernst-Planck physics interface. A one-dimensional geometry was cho-
sen as it represents a reasonable approximation of the experimental
system as described below. In particular, the experimental setup was
such that the electric field is mainly oriented parallel to the line con-
necting the anode with the cathode. This simplification to one dimen-
sion captures the essential physics of the problem without unnecessarily
elevating the degree of computational complexity, since ion transport
occurs predominantly along this axis. Consequently, variations in the
two directions perpendicular to the main axis have a negligible effect on
the overall results. This geometry was represented in the model as a line
of 14.3 mm in length, which corresponds to the edge-to-edge distance
between the electrodes in the experiments. The anodic boundary con-
ditions were set at x = 0 mm, and the cathodic boundary conditions at x
= 14.3 mm. The geometry was discretised into 14,924 mesh elements,
employing cubic shape functions for both concentration and electric
potential discretisation. The chosen pulse waveform consisted of 8
rectangular pulses with a duration of 10 ms each, delivered at a repe-
tition rate of 1 s-¹. Two different amplitudes were used for the pulses:
200 V and 400 V, corresponding to 140 V/cm and 280 V/cm voltage-to-
distance ratio, respectively. The simulations were performed using time-
dependent studies in COMSOL Multiphysics, with the solver settings
optimised to ensure convergence and accuracy. The values of all pa-
rameters required for the simulations are listed in Table 1. Post-
processing of the simulation results was performed using Python.

2.3. Experimental setup

The experimental setup comprised a camera system, a pulse gener-
ator, an oscilloscope, and a PC. A Basler Ace ACA1920–155UC camera,
which is capable of recording at 100 frames per second with a resolution

Table 1
Parameters and their corresponding values used in the models [24,25,62].

Parameter Value Unit Description

c0H+ 1.0 ⋅ 10–4 (unbuffered) / 10–4.4 (buffered) mol m-3 Initial concentration of H+

c0OH− 1.0 ⋅ 10–4(unbuffered) / 10–3.2 (buffered) mol m-3 Initial concentration of OH−

c0Na+ 160 mol m-3 Initial concentration of Na+

c0Cl− 160 (unbuffered) / 132.9 (buffered) mol m-3 Initial concentration of Cl−

c0HCO−
3

27.0 mol m-3 Initial concentration of HCO−
3

c0CO2−3
4.4 ⋅ 10–2 mol m-3 Initial concentration of CO2−

3

c0CO2 1.3 mol m-3 Initial concentration of CO2

DH+ 12.50 ⋅ 10–9 m2 s-1 Diffusion coefficient of H+

DOH− 7.05 ⋅ 10–9 m2 s-1 Diffusion coefficient of OH−

DNa+ 1.78 ⋅ 10–9 m2 s-1 Diffusion coefficient of Na+

DCl− 2.72 ⋅ 10–9 m2 s-1 Diffusion coefficient of Cl−

DHCO−
3

1.49 ⋅ 10–9 m2 s-1 Diffusion coefficient of HCO−
3

DCO2−
3

2.46 ⋅ 10–9 m2 s-1 Diffusion coefficient of CO2−
3

DCO2 2.71 ⋅ 10–9 m2 s-1 Diffusion coefficient of CO2

kw,f 1.5 ⋅ 108 m3 mol-1 s-1 Forward rate constant of water autoprotolysis reaction
kw,b 6.79 ⋅ 10–5 s-1 Backward rate constant of water autoprotolysis reaction
kb1,f 310 m3 mol-1 s-1 Forward rate constant of 1st buffer reaction
kb1,b 4.62 ⋅ 10–6 m3 mol-1 s-1 Backward rate constant of 1st buffer reaction
kb2,f 20 m3 mol-1 s-1 Forward rate constant of 2nd buffer reaction
kb2,b 6.08 ⋅ 10–4 s-1 Backward rate constant of 2nd buffer reaction
kb3,f 1.5 ⋅ 108 m3 mol-1 s-1 Forward rate constant of 3rd buffer reaction
kb3,b 5.81 ⋅ 107 s-1 Backward rate constant of 3rd buffer reaction
j0I 1 ⋅ 10–6 A m-2 Exchange current density of oxygen evolution reaction
j0II 10 A m-2 Exchange current density of chlorine evolution reaction
j0III 1 A m-2 Exchange current density of hydrogen evolution reaction
EeqI 1.229 V Equilibrium potential difference of oxygen evolution reaction
EeqII 1.36 V Equilibrium potential difference of chlorine evolution reaction
EeqIII − 0.828 V Equilibrium potential difference of hydrogen evolution reaction
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of 1920 × 1200 pixels, was employed to capture the rate of change in
colour across the gel(s). The camera was equipped with a Basler
C10–3514–8M-S f35 mm lens and was mounted on a Kaiser Copylizer
exe.cutive LED – Kaiser 5215 stand, which features an illuminated base
to ensure consistent lighting conditions throughout each experiment.
The laboratory prototype pulse generator (HV-LV) [63] was used to
deliver the pulses. The oscilloscope (HDO6104A-MS, LeCroy, USA) with
voltage (HVD3206A, LeCroy, USA) and current (CP031A, LeCroy, USA)
probes were used to monitor and verify the electric pulses generated by
the pulse generator. The camera was connected to a PC, with which the
video recordings of the experiments were recorded and saved. A photo
of the experimental setup is shown in Fig. 1.

2.4. Camera system calibration experiments

The aim of the camera system calibration experiments was to
develop a function capable of converting the colour information
captured by the camera during the agarose gel experiments into nu-
merical pH values for each pixel. A total of 27 different buffer solutions
were prepared by mixing various weak acids with their conjugate bases,
resulting in buffers with pH values between 1.0 and 13.0. Each buffer
solution was verified using a calibrated pH metre to ensure accuracy.
Three millilitres of each buffer solution were pipetted into a small Petri
dish with a diameter of 34 mm. Then, 0.3 ml of a universal pH indicator
solution was added to each Petri dish. The universal pH indicator was
prepared with the following concentrations: 0.012 %methyl red, 0.06 %
bromothymol blue, and 0.010 % phenolphthalein disodium salt. This
indicator was chosen for its ability to display a wide range of colours and
thus distinguish a broad spectrum of pH values. To facilitate the cali-
bration experiments, the addition of agarose was omitted, as pre-
liminary experiments showed that the agarose in the concentration used
(i.e., 0.6 %) had no influence on the colour hue of the solutions. The
solutions were then photographed with the camera system. Consistent
lighting conditions were maintained throughout the experiments. The
captured photographs were analysed to calculate the average RGB (red,
green, blue) values of the pixels for each Petri dish. These RGB values
were then converted into the HSV (hue, saturation, value) colour system,
focusing on the hue component. The hue component, representing the
angle on a 360-degree colour wheel corresponding to the perceived
colour, was derived from the RGB values using the following formula:

hRGB = atan2
( ̅̅̅

3
√

⋅(G − B),2⋅R − G − B
)
. (13)

Once the hue values corresponding to each pH value were deter-
mined, a calibration curve was established for the camera system by
fitting a function to this data. The fitted function was a sum of three

sigmoid functions. This function was chosen because the universal pH
indicator consists of three components, each corresponding to a distinct
colour transition zone.

2.5. Agarose gel experiments

For the experiments with agarose gel, mini Petri dishes with a
diameter of 34 mm were used, each of which was fitted with a 4.5 mm
thick 3D-printed insert with a 15.3 mm long and 3 mm wide channel.
This geometry was chosen because it can be accurately simulated with a
one-dimensional model in our numerical simulations. The design of the
insert is depicted in Fig. 2a. To simulate the comparable rate of diffusion
and electrophoresis (i.e., the migration of charged species due to the
electric field) to that of biological tissue, an agarose gel with the agarose
concentration of 0.6 % was used [64]. The experiments were performed
with three different media to assess their effects on pH changes: un-
buffered medium, bicarbonate buffer, and HEPES buffer. The concen-
trations for the unbuffered medium (i.e., the NaCl solution) and the
bicarbonate buffer solution were chosen to match the concentrations in
our simulations (see Table 1). The concentration for the HEPES buffer
was chosen to have the same molarity as the bicarbonate buffer,
resulting in a concentration of 0.6434 % HEPES, with NaCl added to
match the conductivity of the bicarbonate buffer. The corresponding
concentrations for all three media were mixed in distilled water. The
CO2 was added to the bicarbonate buffer solution by infusing the
distilled water with CO2 using cartridges of pressurised CO2 delivered
using a pressure regulator, releasing gas into the water during the time
required for the water to reach a desired pH level. To prepare the
agarose phantoms, 0.6 % agarose powder was dissolved in each of the
prepared solutions, heated in the microwave until completely dissolved,
and then mixed with 10 % of the volume of the universal pH indicator
solution. The resulting liquid agarose solutions were pipetted into the
channels of the 3D-printed inserts in the Petri dishes and allowed to cool
and solidify into a gel. In the experiments, a pulse waveform consisting
of 8 rectangular pulses with a duration of 10 ms each and a repetition
rate of 1 s− 1 was delivered to the agarose gel phantoms. The amplitude
of the pulses was either 200 V or 400 V (same as in the model, described
in subsection 2.3). This pulse protocol was selected because of its suit-
ability as a protocol for gene electrotransfer. Shorter pulse durations, e.
g. in the microsecond range, would limit the observable pH changes,
while the use of a larger number of shorter pulses (e.g. 800 pulses of 100
µs each, providing an equivalent on-time to eight 10 ms pulses) would
make numerical calculations very challenging. The electrodes were
made of 90–10 platinum-iridium alloy, with a diameter of 1 mm and an
edge-to-edge distance of 14.3 mm. Three replicates were performed for

Fig. 1. Experimental setup for agarose gel experiments composed of a camera with a macro lens (1) mounted on a camera stand with an illuminated base (2), a
laboratory prototype pulse generator (3), an oscilloscope with voltage and current probes (4), and a PC for recording the experiments (5).
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each experimental condition and the experiments were recorded using
the camera system. A representative agarose gel experiment performed
in a mini Petri dish with the 3D-printed insert is shown in Fig. 2b, and a
recorded pulse (voltage and current) from one of the experiments is
shown in Fig. 2c. The post-processing of the experimental data was
performed using Python.

3. Results and discussion

3.1. Camera system calibration

Fig. 3 shows the fitted function composed of three sigmoid functions
(constituents of Eq. (14)) that relates the colour hue to the pH value and
illustrates how the colour hue values vary across different pH levels. The
hue values of the captured colours range from about 20 for pH values
below 4 to about 260 for pH values above 10. The function demonstrates
a useful range from pH 4 to pH 10, within which the hue values are
sufficiently distinct for reliable differentiation. This function is crucial
for the interpretation of agarose gel experiments, as it allows accurate
colour-based pH values determination within the specified range.
Outside the pH range of 4 to 10, the colour values are too similar and,
therefore, cannot be reliably distinguished. The calibration curve shown
in Fig. 3 is defined by the following equation

hue(pH) = 20.20+
36.25

1+ exp( − pH⋅2.94+ 13.63)

+
135.84

1+ exp( − pH⋅3.17+ 22.22)
+

62.32
1+ exp( − pH⋅3.29+ 30.72)

(14)

Eq. (14) consists of a constant offset and three additive sigmoidal

constituents of the form c1/(1 + exp /(c2⋅pH + c3)). Each of these
three terms corresponds to a colour transition of the respective con-
stituent pH indicator forming the universal pH indicator solution.
Finding an inverse of the function in Eq. (14) would lead to a poorly
defined function at the boundaries, so we solve numerically for pH given
a particular hue, thus enabling temporal and spatial determination of
the pH value in an agarose gel, i.e., for every pixel of the acquired image
at a specific time during observation. Thus, the system allows for ac-
curate (limited by the resolution of the imaging system and motion ar-
tifacts) mapping of pH changes in the agarose phantoms and tracking of
the pH changes in time during an experiment.

The calibration curve should be obtained for each individual labo-
ratory setup and setting to ensure accurate pH reconstruction. Variations
in the experimental environment, such as differences in camera type,
model, and settings, as well as lighting conditions, can significantly
affect the recorded colour hue and consequently the derived pH values.
In addition, temperature variations can affect the diffusion coefficients
and conductivity, which can affect the formation and diffusion of pH
fronts. It is therefore advisable to maintain a stable temperature during
the experiments to minimise the variability in obtained results.

3.2. Computational modelling results

The extent to which the pH fronts travelled from the electrodes over
time was examined to compare the results of the unbuffered and buff-
ered models. These results are shown in Fig. 4a–c for the unbuffered
model and in Fig. 4d–f for the buffered model. Different criteria to define
pH fronts were established: Fig. 4a and d portray the entire region of
altered pH and track the pH changes around the baseline pH (7.0 in the
unbuffered model and 7.4 in the buffered model) within a pH value
tolerance of± 0.05. In Fig. 4b and e, the fronts are tracked for pH values
deviating by ± 1.5 from the baseline value. Fig. 4c and f illustrate the
range where tissue damage could potentially occur due to extreme pH
values (pH below 4.0 at the anode and above 10.6 at the cathode) [60,
65]. The last time point (i.e., at 60 s) corresponds to the experimental
results shown in Figs. 5 and 6. The pH fronts in the unbuffered model
were approximately twice as large (depending on the definition of the
observed pH fronts) as those in the buffered model. In the unbuffered
model, the pH fronts are larger at the anode than at the cathode, whereas
the opposite is true in the buffered model. This discrepancy could be
explained by the fact that the bicarbonate buffer, as prepared and used
in our experiments (as opposed to in a living organism), is better at
neutralising acidic pH changes, resulting in smaller pH fronts at the
anode than at the cathode in the buffered model. The change in the slope
of the curve (marked with an arrow) observed at 7.01 s coincides with
the delivery of the final pulse in the sequence of eight pulses. During the
pulse delivery, pH-altering species are produced and electrophoretically
driven away from the electrodes. After the delivery of the last pulse, this
electric field-driven migration and production cease. From here on the
species diffuse freely at a slower rate compared to the electrophoretic

Fig. 2. (a) Design of the 4.5 mm thick 3D-printed insert with a 15.3 mm long and 3 mm wide channel used for agarose gel experiments. Note that all dimensions are
in mm. (b) A representative agarose gel experiment performed in a mini Petri dish with the 3D-printed insert. (c) A recorded pulse from an agarose gel experiment.

Fig. 3. The calibration curve of the hue value (in degrees) as a function of pH.
Note that the usable range for this function is from pH 4 to pH 10, as the hue
values outside this range are too similar and, therefore, cannot be reliably
distinguished.
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drag that occurred during the pulses. This transition explains the
noticeable change in the slope in the pH front profiles.

3.3. Experimental observations

For each experimental condition (3 different media and 2 different
pulse amplitudes), 3 repetitions of the agarose gel experiments were
performed. To also capture the effect of diffusion of ionic species after
pulse delivery in our investigation, the agarose gel phantoms were
analysed 60 s after the start of the pulse delivery (the time point cor-
responding to the end time point in the graphs shown in Fig. 4). Snap-
shots extracted from the recorded videos at this time point are shown for
the pulse amplitude of 400 V in Fig. 5a for the unbuffered medium, in
Fig. 5b for the bicarbonate buffer medium, and in Fig. 5c for the HEPES
buffer medium – 3 replicates for each medium. The experimental ob-
servations indicated a low variance (high reproducibility) between
replicates (i, ii, iii). As expected, a significantly more extensive area of
altered pH is observed in the unbuffered medium. However, while the
buffer capabilities of the two buffers were comparable (due to being
prepared to match in molarity), slight detectable differences between

the two buffers were nevertheless observed (Fig. 5b and c). The acidic
pH front has a much less extreme pH value in the bicarbonate buffer,
even though the front is slightly larger than in the HEPES buffer.
Additionally, the delineation between the altered and the baseline pH is
much sharper in the HEPES buffer than in the bicarbonate buffer.

The high amplitude of the pulses, both in voltage (and current), is
critical, since the rate of hydrolysis and, thus, the amount of produced
pH-altering species, is directly proportional to the faradaic charge
transfer between the electrode(s) and the electrolytic solution. This
transferred charge is, quantitatively, the temporal integral of the ohmic
current flowing through the electrolyte solution (i.e., the generator
current minus the capacitive current charging and discharging the
double-layer capacitance). Due to these high currents flowing through
the electrolytic solution (cell suspension, tissue) in electroporation, the
resulting pH changes can be substantial, and their quantification is
important.

The experimentally determined pH fronts for 8 rectangular pulses
with a duration of 10 ms each, delivered at a repetition rate of 1 s⁻¹ are
shown in Fig. 6 for three different media: the unbuffered medium, the
bicarbonate-buffered medium, and the HEPES-buffered medium

Fig. 4. The time course of the migration of the pH fronts from the anodes and cathodes in both the unbuffered (a-c) and the buffered model (d-e) for two amplitudes
of the rectangular pulse waveform, 200 V and 400 V, with different criteria for defining the pH fronts. Note that the baseline pH is different in the unbuffered and the
buffered model due to different initial ion concentrations; it is 7.0 in the unbuffered and 7.4 in the buffered model. Arrows indicate the ends of the pulse deliveries at
7.01 s.

Fig. 5. Three replicates (i, ii, iii) of agarose gel experiments for 8 rectangular pulses with a duration of 10 ms, amplitude of 400 V, and a pulse repetition rate of 1 s-1,
performed in (a) the unbuffered medium, (b) the bicarbonate buffer medium, and (c) in the HEPES buffer medium. In order to also investigate the effect of diffusion,
a time of 60 seconds from the delivery of the first pulse was selected for the analysis. Note that the scale bar dimensions are expressed in mm.
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determined 60 s after the start of the pulse delivery. The pulse ampli-
tudes were set to 200 V in Fig. 6a and 400 V in b. In these experiments,
the anode was positioned at 0 mm (left side) and the cathode at 14.3 mm
(right side). The pH distributions were calculated by averaging the
values over the three replicates of the central 50 pixels of the channel
width across its entire length, covering the area between the electrodes.
The standard deviations of the averaged values are represented by the
lightly shaded areas surrounding the averaged values (curves) in Fig. 6.
Notably, the pH fronts in the unbuffered medium are approximately
twice as large as those observed in the buffered media. There is also a
clear difference in baseline pH values between the unbuffered and
buffered media, as the baseline pH value of the unbuffered media is
around 7.0, and that of the buffered media around is 7.4. As expected,
the pH fronts are significantly larger at higher pulse amplitudes. At 200
V pulses, the pH fronts in the bicarbonate and HEPES buffers are quite
similar. At 400 V pulses, however, the pH values in the HEPES buffer are
more extreme, although the affected regions are smaller compared to
those in the bicarbonate buffer. This difference is particularly evident
near the anode.

3.4. Comparison of modelling and experimental results

The comparison of the calculated and experimentally determined pH
fronts for 8 rectangular pulses each of a duration of 10 ms and a pulse
repetition rate of 1 s⁻¹ is shown in Fig. 7, determined as before at the 60-
second time-point. The experimentally determined pH distributions
were calculated by averaging the values of the central 50 pixels of the
channel width across its entire length, covering the area between the
electrodes, from each of the three replicates performed under identical
conditions. The anode was positioned at 0 mm (left side) and the cath-
ode at 14.3 mm (right side). Fig. 7a and b show the results for pulses

with the amplitude of 200 V, while Fig. 7c and d show the results for 400
V pulses. The results for the unbuffered medium are shown in Fig. 7a and
c, while the results for the bicarbonate-buffered medium are shown in
Fig. 7b and d. At the anode side of the unbuffered medium, good
agreement between the experimental and simulation results is observed
from about 2 mm for an amplitude of 200 V and from about 3 mm for an
amplitude of 400 V. However, closer examination reveals an unexpected
increase in pH values near the anode in the experimental data, which is
unrealistic. This discrepancy is likely due to pH values falling in the
undetectable range of our calibration function (shaded in grey in Fig. 3).
Also, Fig. 5a shows a lack of colouration near the anode, suggesting that
the pH indicator fails to function accurately at these extreme pH values.
At the cathode, the experimental pH values are lower than those pre-
dicted by the simulations. For the buffered medium, the agreement be-
tween simulation and experiment is generally good, with particularly
accurate predictions on the anode side.

The simulations predict larger areas of altered pH compared to the
experiments, possibly due to an overestimation of the diffusion co-
efficients (for diffusion in water) in the model (Table 1). Because the
model overestimates pH front propagation, the diffusion coefficient
values for all species were reduced to 50 % of those listed in Table 1. The
simulation results with lower values of the diffusion coefficients are
shown in Fig. 7 with dashed lines. These simulation results show
improved agreement with the experimental results, particularly for the
unbuffered medium at a pulse amplitude of 400 V, but also at 200 V. In
the buffered medium, the revised model demonstrates better agreement
on the cathode side, albeit slightly less accurate than the model with
higher diffusion coefficient on the anode side. Overall, the results indi-
cate that the use of lower diffusion coefficients in the model leads to
better agreement with the experimental data, suggesting that the orig-
inal coefficients (for diffusion in water) may have been overestimated in
our case. In our numerical simulations we used a highly refined mesh
that effectively reduces the effect of numerical viscosity – a phenomenon
where unwanted diffusion effects occur due to the discretisation
inherent in numerical simulations. This highly refined mesh ensures that
any potential effects of numerical viscosity are negligible and enables
accurate representation of the physical processes involved. Further work
in varying various species’ diffusion coefficients may lead to a better
description/prediction of the model with respect to the experiments. It
also needs to be considered that tissue diffusion coefficients may differ
from those in the agarose gel, potentially limiting the accuracy of the
model.

During model development and experimentation with numerical
simulations under different pulse parameters and conditions, we have
been able to replicate the complex pH front behaviour dependent on
pulse protocol parameters (pulse duration and pulse repetition rate).
Namely, that the front advances during pulse application and retracts
somewhat in the pause between the pulses in the case of the buffered
medium. These simulation results corroborate experimental observa-
tions obtained in tissue in vivo, such as reported in [27]. However, since
pH front retraction can only be observed in the model for pulses deliv-
ered at voltages much lower than those we employed in our study, and
only for the case of the buffered medium, we opted to keep the discus-
sion and validation of the model as general as possible, and we relegate
the analysis at border conditions and the comparison and study of
applicability of the model to in vivo work to future work.

4. Conclusions

The aim of the study was to develop a comprehensive mechanistic
computational model of the pH changes in tissue during and after pulse
application in electroporation applications by means of combined nu-
merical modelling and experimentation. Numerically obtained results
were combined with experiments to (1) quantitatively corroborate and
validate the model premises by direct comparison of simulation results
to a geometrically equivalent/accurate representation of simulated

Fig. 6. Experimentally determined pH distributions for 8 rectangular pulses
with a duration of 10 ms and a pulse repetition rate of 1 s-1 for experiments
conducted in unbuffered medium, in bicarbonate-buffered medium, and
HEPES-buffered medium. The amplitude of the pulses was 200 V in (a), and 400
V in (b). The shaded areas represent the standard deviations of the averaged
values. The results are shown for a time of 60 s to also capture the effect of
diffusion in the analysis. The anode is located on the left side (at 0 mm), and the
cathode on the right side (at 14.3 mm).
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conditions in vitro, and to (2) obtain insight through experimentation
into how accurate and comprehensive the model is in terms of the
electrochemical phenomena it manages to capture.

The model is powerful enough to capture the effects of individual
pulses and the dynamics of pH front evolution (migration, advancement,
retraction) during the pause between the pulses. This is possible due to
its construction as a dynamic time-domain model, which accounts for
passive diffusion, active field-driven migration of species, and their
production and annihilation according to the chemical reaction rates.
This high degree of spatio-temporal resolution of the model comes not
only with advantages such as deeper insight and understanding of the
interplay of the various contributing factors and mechanisms affecting
pH front formation and migration, but also with the disadvantage of
high numerical complexity and instability, which renders the model
difficult for practical use. Future work will focus on improving the
robustness of the model in the sense of computational stability.

The results of our work show that the model generates a relatively
accurate prediction of the pH front changes within an unbuffered and a
buffered media but falls short in terms of absolute accuracy. This can be
attributed to inaccurate values of some of the parameters obtained from
literature i.e., from already established models in the field. The
discrepancy and the need for optimisation in searching for correct
(“best-fit”) parameter values, as demonstrated by reducing diffusion
coefficients (see Fig. 7), warrants further examination and experimen-
tation to determine the origin of the discrepancy – it lies either in the
source of the parameters that were adopted for the model, or in a crucial
omission from the model in its construction. Either way, experimental
observations clearly show there is a need to develop even more complex
versions of this electrochemical model, e.g., one that would be capable
of accounting for not only diffusion and electrokinetic mechanisms of

mass transfer of pH-altering species during pulse application but
possibly also for the effect of other mechanisms such as electroosmosis
and the interaction between the medium and the pH indicator, both of
which have not been examined in our study.

CRediT authorship contribution statement
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analysis. Damijan Miklavčič: Writing – review & editing, Supervision,
Project administration, Funding acquisition, Conceptualization. Samo
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Appendix A. Equations for ionic species production, boundary, and initial conditions

The production of Na+ and Cl− ions is zero in both the unbuffered and buffered models

RNa+ = RCl− = 0. (A.1)

In the unbuffered model, the H+ and OH− ions can be produced and consumed through the water autoprotolysis reaction

RH+ = ROH− = kw,b cH2O − kw,f cH+ cOH− , (A.2)

where kw,b and kw,f are the rate constants of water autoprotolysis reactions in the backward and forward directions, respectively. In the buffered
model, the production and consumption of the species H+, OH− , HCO−

3 , CO2−
3 , and CO2 are determined according to the water autoprotolysis reaction

and the buffer reactions

RH+ = kw,b⋅cH2O + kb1,b⋅cCO2 ⋅cH2O − kw,f ⋅cH+ ⋅cOH− − kb1,f ⋅cH+ ⋅cHCO−
3
, (A.3)

ROH− = − kb2,f ⋅cCO2 ⋅cOH− + kb2,b⋅cHCO−
3
− kb3,f ⋅cHCO−

3
⋅cOH− + kb3,b⋅cCO2−3 + kw,b⋅cH2O − kw,f ⋅cH+ ⋅cOH− , (A.4)

RHCO−
3
= kb1,b⋅cCO2 ⋅cH2O − kb1,f ⋅cH+ ⋅cHCO−

3
+ kb2,f ⋅cCO2 ⋅cOH− − kb2,bcHCO−

3
− kb3,f ⋅cHCO−

3
⋅cOH− + kb3,b⋅cCO2−3 , (A.5)

RCO2 = − kb2,f ⋅cCO2 ⋅cOH− + kb2,b⋅cHCO−
3
+ kb1,f ⋅cH+ ⋅cHCO−

3
− kb1,b⋅cCO2 ⋅cH2O, (A.6)

RCO2−3
= kb3,f ⋅cHCO−

3
⋅cOH− − kb3,b⋅cCO2−3 . (A.7)

At the electrode surface, the molar flux of the ionic species involved in the electrode reactions is linked to the charge transport of the electro-
chemical reactions [32,33]. The boundary conditions at the anode surface are therefore

NH+ ⋅n = −
jI
F
, (A.8)

NCl− ⋅n =
jII
F
, (A.9)

where n is the unit normal vector, F is the Faraday constant, jI is the current density contribution due to oxygen evolution reaction, and jII is the current
density contribution due to chlorine evolution reaction, given by Butler-Volmer equations

jI = j0I

(

exp
(

−
F(ϕ + EeqI )

2 R T

)

−
cH+

c0H+

⋅exp
(
F(ϕ + EeqI )

2 R T

))

, (A10)

jII = j0II

(
cCl−
c0Cl−

⋅exp
(

−
F(ϕ + EeqII )
2 R T

)

− exp
(
F(ϕ + EeqII )
2 R T

))

, (A.11)

where j0i is the exchange current density of the reaction i, and E
eq
i is the standard electrode potential of the reaction i. For all the other ionic species, the

molar flux at the anode surface is equal to zero, thus

NOH− ⋅n = NNa+ ⋅n = 0 (A.12)

in the unbuffered model, and

NOH− ⋅n = NNa+ ⋅n = NHCO−
3

⋅n = NCO2 ⋅n = NCO2−3
⋅n = 0 (A13)

in the buffered model. At the cathode surface, the boundary condition is

NOH− ⋅n =
jIII
F
, (A.14)

where jIII is the current density contribution due to hydrogen evolution reaction

jIII = j0III

((
cOH−

c0OH−

)2

⋅exp
(

−
3F(ϕ + EeqIII )
2 R T

)

− exp
(
F(ϕ + EeqIII )
2 R T

))

(A.15)

For all the other ionic species, the molar flux at the cathode surface is equal to zero, thus

NH+ ⋅n = NNa+ ⋅n = NCl− ⋅n = 0 (A.16)

in the unbuffered model, and

NH+ ⋅n = NNa+ ⋅n = NCl− ⋅n = NHCO−
3

⋅n = NCO2 ⋅n = NCO2−3
⋅n = 0 (A.17)
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in the buffered model. Since there are initially no concentration gradients in the electrolyte, the initial conditions are

∇ci = 0 at t = 0, (A.18)

ci = c0i . (A.19)
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Data will be made available on request.
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[18] S. Mahnič-Kalamiza, D. Miklavčič, Scratching the electrode surface: insights into a
high-voltage pulsed-field application from in vitro & in silico studies in indifferent

fluid, Electrochim. Acta 363 (2020) 137187, https://doi.org/10.1016/j.
electacta.2020.137187.

[19] P.A. Garcia, R.V. Davalos, D. Miklavcic, A numerical investigation of the electric
and thermal cell kill distributions in electroporation-based therapies in tissue, PLoS
ONE 9 (2014) e103083, https://doi.org/10.1371/journal.pone.0103083.

[20] C. Rossmanna, D. Haemmerich, Review of temperature dependence of thermal
properties, dielectric properties, and perfusion of biological tissues at hyperthermic
and ablation temperatures, Crit. Rev. Biomed. Eng. 42 (2014) 467–492, https://
doi.org/10.1615/CritRevBiomedEng.2015012486.

[21] E.M. Dunki-Jacobs, P. Philips, R.C.G. Martin Ii, Evaluation of thermal injury to
liver, pancreas and kidney during irreversible electroporation in an in vivo
experimental model, Brit. J. Surg. 101 (2014) 1113–1121, https://doi.org/
10.1002/bjs.9536.

[22] K.N. Aycock, R.V. Davalos, Irreversible electroporation: background, theory, and
review of recent developments in clinical oncology, Bioelectricity 1 (2019)
214–234, https://doi.org/10.1089/bioe.2019.0029.

[23] P. Agnass, E. Van Veldhuisen, M.J.C. Van Gemert, C.W.M. Van Der Geld, K.P. Van
Lienden, T.M. Van Gulik, M.R. Meijerink, M.G. Besselink, H.P. Kok, J. Crezee,
Mathematical modeling of the thermal effects of irreversible electroporation for in
vitro, in vivo, and clinical use: a systematic review, Int. J. Hypertherm. 37 (2020)
486–505, https://doi.org/10.1080/02656736.2020.1753828.

[24] E. Nilsson, J. Berendson, E. Fontes, Impact of chlorine and acidification in the
electrochemical treatment of tumours, J. Appl. Electrochem. 30 (2000)
1321–1333, https://doi.org/10.1023/A:1026560806158.

[25] E. Nilsson, E. Fontes, Mathematical modelling of physicochemical reactions and
transport processes occurring around a platinum cathode during the
electrochemical treatment of tumours, Bioelectrochemistry 53 (2001) 213–224,
https://doi.org/10.1016/S0302-4598(01)00097-6.

[26] P. Turjanski, N. Olaiz, F. Maglietti, S. Michinski, C. Suárez, F.V. Molina,
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Effect of experimental electrical and biological parameters on gene transfer by
electroporation: a systematic review and meta-analysis, Pharmaceutics 14 (2022)
2700, https://doi.org/10.3390/pharmaceutics14122700.
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