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Abstract Electroporation is a phenomenon when cell
membrane permeability increases due to exposure to the
pulsed electric field. Recently, it has been suggested that
instead of long monopolar pulses, short high-frequency
bipolar pulses (HF-EP) can be applied to reduce pain and
muscle contractions. However, higher amplitudes are
required for HF-EP, and the cancellation effect could be
responsible for this. This phenomenon occurs when bursts of
HF-EP pulses are applied, and the effect of the first pulse is
canceled by the second pulse. In our study, we aim at
explaining the cancellation effect. We modeled pore
formation during one HF-EP burst with the inter-phase and
inter-pulse delays of either 1 ps or 10 ms in low and high-
conductivity buffers and validated the model with the
experimental results. To calculate the uptake of molecules we
used the area under the curve (AUC) considering the
temporal evolution of the number of pores. We compared our
results with the percentage of permeabilized cells obtained
experimentally. Our numerical results for a high-conductivity
buffer corresponded to the experimental ones and we could
say that the cancellation effect could be partially explained
by pore formation.
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I. INTRODUCTION

Electroporation is a phenomenon in which cell membrane,
due to exposure to high pulsed electric fields becomes
permeable to ions and molecules that otherwise cannot cross
the cell membrane [1]. Depending on pulse parameters:
electric field strength, pulse duration, pulse polarity and
shape, number of pulses, inter-phase delay, and pulse
repetition frequency, electroporation can be either transient
(reversible electroporation) or permanent (irreversible
electroporation). Electroporation is used in medicine [2],
biotechnology [3], food [4], and biomass processing [5]. In
medicine, it is used in electrochemotherapy (ECT) for
delivering chemotherapeutic drugs [6], in gene therapy for
delivering DNA in cells and tissues [7], or for tissue ablation
using irreversible electroporation (IRE) [8]. In ECT, usually
we delivered eight 100 ps long pulses with a repetition
frequency of 1 Hz or 5kHz. The IRE treatments usually
consist of several tens of 70-100 ps long monopolar pulses
delivered at 1 Hz repetition frequency or paced by patients’
ECG directly to the target tissue.

Such high-voltage cause electrical stimulation of
excitable cells in the body, leading to muscle contractions and
acute pain. During the treatment, therefore it is necessary to
administer neuromuscular blocking agents, anesthesia and to
synchronize the pulses with the heart activity [9], [10]. In
irreversible electroporation treatments, it was suggested that
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these drawbacks could be reduced by delivering bursts of
high-frequency short bipolar pulses, i.e., the high-frequency
electroporation (HF-EP) [11]. Later, it was also shown that
HF-EP pulses can be successfully used to introduce dyes [12],
[13], and chemotherapeutics into the cells [14], and were
recently even applied in gene electrotransfer [15]. However,
to obtain comparable results of HF-EP pulses and standard
longer pulses, a higher amplitude of electric field must be
delivered for HF-EP than for longer monopolar pulses. One
explanation for the need to apply a higher electric field,
besides the usual shape of the strength-duration curve, could
be the cancellation effect present in HF-EP, where the effect
of the first pulse is reduced by the second pulse of the
opposite polarity [13], [16]. This cancellation effect was first
observed for nanosecond pulses, but the range was later
extended to one or more bipolar pulses with the duration up
to 10 ps for the positive or the negative pulse, and the inter-
phase delay between the positive and the negative pulse up to
10 ms [13]. The reason why the cancellation effect occurs is
still not completely understood , however, in literature, the
suggested mechanisms are assisted membrane discharge;
reversed electrophoretic ion transport, and two-step oxidation
of membrane phospholipids (formation of reactive oxygen
species, followed by membrane oxidation) [16].

In our study we aim at explaining the cancellation effect
which could be responsible for the HF-EP pulses being less
efficient than longer monopolar pulses using numerical
modeling. It is known that the cancellation effect occurs when
bursts of high-frequency short-bipolar pulses are applied
close to each other, where the second pulse cancels the effect
of the first pulse. Therefore, we decided to upgrade the
assisted discharge theory with the model of pore formation
during one HF-EP burst with different inter-phase and inter-
pulse delays and voltages and validate with the experimental
results, from [13] and [14].

Il. METHODS

A. Numerical modeling

We constructed a 2-D axial symmetric model of a single cell
in the extracellular medium using the finite element (FEM)
environment COMSOL Multiphysics v5.6.

The cell with radius R was located inside a rectangular
enclosure with the dimensions 200 pm x 100 um where we
set the boundary conditions, Viermina = burst for the top,
ground for the bottom, axial symmetry on the left wall, and
electrical insulation on the right wall. We simulated two
electroporation buffers,low- and high-conductivity (Table 1)
which were used in experiments [13]. The time-dependent
problem for the geometry was solved in application mode
Electric Currents of the AC/DC module (Time-Dependent
Study) by solving the Laplace equation:
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where g, and &, represent the conductivity and dielectric
permittivity of each subdomain. The cell membrane was
modeled with a boundary condition Distributed Impedance
[17] defined by the expression:
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where n is a unit vector normal to the boundary surface, J is
the electric current density, V; is the intracellular electric
potential, V, is the extracellular electric potential, o,,, &, and
d,, are the membrane conductivity, membrane dielectric
permittivity, and membrane thickness, respectively. To
calculate pore formation we coupled the differential pore
formation equation in COMSOL with the Weak Form
Boundary PDE application mode as suggested in [17]:
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where N is the pore density, N, the initial pore density, when
ITV is 0V, and a, g, and V,, are the constants of the
electroporation process. The ITV was defined as the
difference between intracellular electric potential V; and
extracellular electric potential V,. Inducement of pores leads
to an increase in the membrane conductivity that can be
described by the expression [17]:

_2nrfopdy,
%0 = N ¥ 2dy, 4)

where 7, and o,, are the radius and pore conductivity of a
single pore.

Table 1 Parameters of the model, their symbols, and values

Parameter Symbol Value
Cell radius R 10 pm [13]
Cell membrane thickness dm 5nm
. 0.176 S/m " [13]
Extracellular conductivity e 1.912 S/m ™ [13]
Extracellular relative . 80
permittivity -
Intracellular conductivity oi 0.3 S/m [13]
Intracellular relative o 70
permittivity !
Membrane conductivity Om 3x107 S/m [13]
Membrane relative 45
permittivity ém '
O — 0;
Pore conductivity op In (&
0j
Pore radius rp 0.76 nm
Electroporation constant q 2.46
Electroporation parameter a 10° m2s?
Characteristic voltage_ of Vep 0258V
electroporation
Equilibrium pore density No 1.5x10° m™?

Values were taken from [17] except if noted otherwise. *Low-conductivity
electroporation buffer; **High-conductivity electroporation buffer
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B. Area Under the Curve

The area under the curve (AUC) is a metric applied in
pharmacokinetic analysis to describe and quantify aspects of
the plasma concentration-time profile of an administered
drug. It is calculated as an integral of drug concentration over
time. Many medical applications use the AUC to quantify the
effect in time, e.g., to assess the pain intensity post analgesic
drug administration [18]. In our study, we used the AUC to
calculate the uptake of molecules considering the temporal
evolution of the number of pores. We considered the AUC as
the metric for the molecular uptake. The AUC was
implemented in MATLAB using a trapezoidal method for the
integration of the number of pores as a function of time.
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Fig. 1. Numerical modeling of short bipolar pulses. (a) One burst
consisted of 50 bipolar pulses. (b) Each bipolar pulse consisted
of a positive and a negative pulse, both of length 1 us (T1) and
the inter-phase delay and inter-pulse delay of 1 s (T2). During
our simulation, T2 was either 1 ps or 10 ms. The rise time and
fall time for each pulse were 100 ns.

11l. RESULTS

We calculated the cancellation effect using numerical
modeling of pore formation after applying one burst
consisting of 50 bipolar pulses with 1 us duration (T1) and
two different inter-phase delays (T2), 1 ps and 10 ms (Fig. 1),
and compared with the experimental results from [13].
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Fig. 2. Number of pores as a function of time for different values of
the applied electric field in low conductivity buffer for one burst of
50 bipolar pulses, each pulse with the duration of 1ps and inter-phase
delay of 1 ps. (a) In linear scale we can observe the dynamics of pore
resealing; (b) In a logarithmic scale we can observe the initial steps
in pore formation.



In Fig. 2 we show the increase in number of pores by
increasing the magnitude of the applied electric field, within
the range of 0 to 5000 V/cm, for a low-conductivity buffer.
The number of pores was calculated by integrating the pore
density obtained with Eq. (3). A higher electric field caused a
higher number of pores.
Fig. 3 shows the pore formation for two inter-phase delays
1 s and 10 ms, in a low-conductivity buffer at 1 kV/cm
applied electric field. We choose both representations, linear
and logarithmic scale, to observe better the increasing of
pore number. From Fig. 3(b), it can be observed that for
10 ms inter-phase delay the number of pores is gradually
increasing in comparison with 1 pus where the increase is
very steep. Fig. 4 shows the AUC values calculated for 1 ps
and 10 ms inter-phase delay, as function as the applied
electric field in low and high-conductivity buffers.
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Fig. 3. Number of pores as a function of time for two different
inter-phase delays (T2), either 1 ps or 10 ms, in low-conductivity
buffer at 1 kV/cm; (a) In linear scale, we can focus on the pore
resealing; (b) In a logarithmic scale, we can focus on initial pore
formation during the burst application.
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Fig. 4. Area under the curve as a function of the applied electric field
in low and high-conductivity buffers for one burst of 50 bipolar
pulses. Pulse duration (T1) was 1 ps, and the inter-phase delay (T2)
was either 1 ps or 10 ms. In the linear scale, the AUC values increase
linearly.
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Fig. 5 shows a comparison of experimental and simulated
data. Experimental data is median fluorescence of propidium
iodide (PI), obtained from [14] and simulated data is the pore
formation. From this comparison, it can be seen that both
curves are dependent on the magnitude of the electric field,
i.e., they have a similar trend of increasing.
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Fig. 5. Comparison of measured and simulated molecular uptake
based on fluorescence of propidium iodide and pore formation. The
measured values are shown as a mean * standard deviation and were
obtained from [14].

V. DISCUSSION

In our study, we aimed at explaining the cancellation effect
by modeling high-frequency  short  bipolar pulses and
evaluating pore formation. We performed calculations for
two conductivity buffers that were previously used in
experiments [13]. From numerical results, we observed that
the pore formation depends on the magnitude and duration of
the applied electric field (Fig. 2). With electric fields of up to
1500 V/cm, we observed that the pore formation increases
step-by-step and follows roughly the shape of the applied
burst (Fig. 3). For values higher than 1500 V/cm, this increase
is steeper as the membrane is immediately permeabilized and
more conductive and the following pulses do not contribute
much. In Fig. 3, we compared pore formation for both values
of inter-phase delay. We observed that for 1 us inter-phase
delay, we obtain more pores but for a shorter time than for
10 ms inter-phase delay, where we obtain less pores but for a
longer time. The importance of the duration when pores are
open is corroborated by Fig. 4 where for both buffers, the
AUC value is higher for 10 ms delay than for 1 us delay for
all electric fields and both buffers.

From our numerical results, we could see that both inter-
phase delays have the same trend in the low and high-
conductivity buffers. Fig. 4 showed that the longer inter-
phase delay increases the uptake which could explain the
cancellation effect. At the same time, looking at the
experimental data, we observed that the uptake in [13] has a
different trend for low and high conductivity electroporation
buffers, which indicates that this cancellation effect
phenomenon is more complicated than modeled. For high-
conductivity buffer, we obtained similar results as is shown
in the experiments, and we could explain the cancellation
effect with pore formation. Meanwhile, this phenomenon
cannot be seen in permeabilization experiments with the low-
conductivity buffer, meaning that there is a difference
between low and high-conductivity buffer, probably related
to the biology or chemistry of electroporation which is not
included in the model. Sucrose, which is present in high



concentration in the low-conductivity buffer is added to
buffers to keep the osmolality in the physiological range and
prevent the cells from collapse while keeping the buffer’s
electric conductivity low. In [19] we observed that cells
response were different in low-conductivity buffer with a
high concentration of sucrose than without.

We compared our results with the experimental ones from
[13] where the percentage of permeabilized cells was showed.
The percentage of permeabilized cells increased in a sigmoid-
like fashion and after a certain applied electric field, the
maximum number of permeabilized cells was achieved.
However, from our results (Fig. 4) we observed that by
increasing the electric field the uptake kept increasing. On a
linear scale, the increase of the AUC value is also linear —
with higher electric fields more dye enters the cells, although
experimentally we already reached 100% permeabilization.
Since in [13] the experimental results shown only the
percentage of permeabilized cells, we compared our data with
the median fluorescence from [14]. In Fig. 5 we observed that
the median fluorescence and the AUC value have a similar
trend, even though in experiments, cells are already 100%
electroporated at 3500 V/cm.

There are some limitations of our model and assumptions
that we made. First, we modeled only one burst of 50 bipolar
pulses, instead of eight, that was used in the experimental
data, to reduce computation time and resources. Other pulse
parameters were kept the same as in the already published
study [13]. Second, our model does not include the pore
expanding or shrinking, only formation of pores of fixed size.
Third, we did not calculate the transport mechanisms
(electrophoresis and diffusion). We assumed that the number
of pores is correlated to the transport, i.e., by increasing the
number of pores, the transport increases, which we
approximated by calculating the Area Under the Curve,
(AUC) value. The adequacy of using the number of formed
pores as an indicator of the transport across the membrane
was shown in [20] where the modeled number of formed
pores was proportional to experimentally determined
intracellular calcium concentration.

V. CONCLUSION

Cancellation effect in high-conductivity buffer could be
explained by pore formation as with 10 ms delay, a higher
AUC value was obtained than with 1 ps delay. However, in
the low-conductivity buffer, the experimental results cannot
be explained by pore formation, the phenomenon is more
complex than the model used in this study.
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