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Abstract: Currently, in high-frequency electroporation, much progress has been made but limited to
research groups with custom-made laboratory prototype electroporators. According to the review
of electroporators and economic evaluations, there is still an area of pulse parameters that needs
to be investigated. The development of an asymmetric bipolar pulse generator with a maximum
voltage of 4 kV and minimum duration time of a few hundred nanoseconds, would enable in vivo
evaluation of biological effects of high-frequency electroporation pulses. Herein, from a series of most
commonly used drivers and optical isolations in high-voltage pulse generators the one with optimal
characteristics was used. In addition, the circuit topology of the developed device is described in
detail. The developed device is able to generate 4 kV pulses, with theoretical 131 A maximal current
and 200 ns minimal pulse duration, the maximal pulse repetition rate is 2 MHz and the burst maximal
repetition rate is 1 MHz. The device was tested in vivo. The effectiveness of electrochemotherapy
of high-frequency electroporation pulses is compared to “classical” electrochemotherapy pulses.
In vivo electrochemotherapy with high-frequency electroporation pulses was at least as effective
as with “classical” well-established electric pulses, resulting in 86% and 50% complete responses,
respectively. In contrast to previous reports, however, muscle contractions were comparable between
the two protocols.

Keywords: electroporation; electroporation device; high-frequency; bipolar; asymmetric; SiC MOS-
FET; high-voltage; pulse generator; electrochemotherapy

1. Introduction

In electroporation due to the exposure of cells to high-voltage electric pulse, the cell
membrane becomes permeable to molecules that otherwise cannot cross the cell mem-
brane [1]. In reversible electroporation the cell recovers after the electric pulse application.
In contrast, in irreversible electroporation (IRE) the cell dies due to excessive damage [2].
Electroporation is already well established in medicine and food processing [3,4]. The tech-
nology holds promises also in other fields, such as biomass production [5] and biotechnol-
ogy [6]. However, different pulses are used in different electroporation-based applications
i.e., pulse amplitude, pulse width, a number of pulses or bursts, and pulse or burst repeti-
tion rate [7-9]. In most applications, optimization of parameters still needs to be performed.
Therefore, specific pulse generators, i.e., electroporators have to be designed for specific
applications [10,11]. Additionally, electrical properties of biological loads vary considerably
and due to electroporation their conductivity changes during the pulse application [12-17].

Electroporation is well established in cancer treatment, i.e., electrochemotherapy
(ECT) and IRE. ECT is a local antitumor therapy, in which electroporation facilitates
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chemotherapeutic drug entry into cells [18,19]. According to the standard operating
procedure, intratumoral or intravenous delivery of the chemotherapeutic drug bleomycin
(BLM) or cisplatin (CDDP) is followed, by the application of eight high-voltage pulses,
which are monopolar, 100 us long, with a pulse repetition rate 1 Hz or 5 kHz and voltage to
distance ratio between 1000 or 1300 V/cm (depending on the electrode type) [20-22]. IRE
is clinically used as non-thermal ablation of normal and tumor tissue, in which cells die
due to excessive damage during membrane permeabilization [23-26]. However, IRE does
not cause the denaturation of proteins, scarring, and damage of blood vessels. Therefore,
it has the potential to treat tumors near large blood vessels. In addition, the activation of
the immune system was observed as in ECT [27-29]. However, an increase in temperature
around the electrodes can be significant at higher amplitudes and a high number of pulses
delivered to a limited volume of tissue [30]. Furthermore, nerve stimulation, muscle
contractions, and pain are associated with high-voltage pulse delivery [19,25,31]. These
are also observed in ECT and require additional patient management in terms of muscle
relaxant administration prior to treatment [32,33]. Synchronisation of pulse delivery with
ECG, is required when treatment is performed close to the heart, which renders the
treatment procedure more complex [32,34]. Recently, it was suggested that by applying
high-frequency bursts of bipolar pulses, named H-FIRE (High-Frequency IRreversible
Electroporation), muscle contractions can be reduced without compromising the non-
thermal mechanism of cell death [35,36]. They also suggest that electric field distribution
in tissue is more homogeneous [35]. It was shown in vitro that the transmembrane transfer
of molecules may be achieved with the same type of pulses [37]. However, H-FIRE
pulses require higher amplitudes for cell disruption in comparison to longer monopolar
pulses [37].

Recently, we demonstrated in vitro that high-frequency electroporation (HF-EP) can
be used for ECT and that higher pulsed electric field, i.e., equal to 3 kV/cm in HF-EP than
in “classical” ECT has to be used in order to obtain comparable effectiveness [38].

With the potential advantages of IRE over current ablation modalities, the technol-
ogy seems uniquely suited also for cardiac ablation in the treatment of atrial fibrillation
(AF) [24,39-41]. A term “Pulsed field ablation” (PFA) is defined as IRE that uses a burst
of bipolar pulses of high-voltage and short duration to create a tissue injury without
significant heating and injury to other tissues [42].

The electric field threshold for muscle contraction is two times lower than the threshold
for electroporation (for 100 us long pulses) [43]. The advantage of these specific high-
frequency electroporation pulse characteristics might be in reducing muscle contraction
and pain sensation during high-voltage pulse delivery [35,36,43]. Recently, a phenomena
of electrical cell sensitization [44,45] and cancellation in the range of microsecond and sub-
microsecond pulse duration were reported in vitro [46,47]. These effects i.e., sensitization,
cancellation, nerve and muscle decreased excitation effects of the electroporation are still not
well understood and further studies are needed, particularly in vivo, due to inconclusive
results obtained in vitro [48,49]. Additionally, the use of asymmetric, HF-EP for HF-IRE
that could enhance its effectiveness was suggested [50]. Therefore, the development of an
asymmetric bipolar electroporator, with a variable setting of pulse duration and voltage
amplitude for each half period of the pulse, that can be used in vivo enables a new insight
and investigations of cancellation and sensitization relevance in vivo.

For generating electric pulses of up to several kV high-voltage amplitudes three
different circuit concepts are used: generator with serial switches [51], Marx generator [52],
and a modular pulse generator [53]. For the generation of asymmetric bipolar pulses,
an asymmetric H-bridge generator is used where each half of the bridge is powered by
its own power supply [54]. For the generation of high-voltage asymmetric bipolar pulses,
a serial asymmetric H-bridge generator is, therefore, the simplest and economically most
reasonable solution.

Until now, all H-FIRE studies used custom-made laboratory prototype electroporators
based on an H-bridge. Therefore, the research is limited to a few research groups that have
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the knowledge and experience to design such custom devices. In addition, pulse delivery
systems are most often only briefly mentioned and not described in detail in the literature.

In conclusion, according to the electroporators review, [10,55], published economic
evaluations of ECT and IRE [56-58] and increase of interest in electroporation with bipolar
pulses [38,59,60], there is still an area of pulse parameters that needs to be investigated.
Here, we present the development of a serial asymmetric H-bridge generator that generates
asymmetric bipolar pulses with a maximum voltage of 4 kV and a minimum duration time
of a few hundred nanoseconds with the emphasis on the importance and the process of
electronic component selection, and the concept and topology of developed electroporator.
In addition, the in vivo evaluation of the developed device is presented, focusing on the
first in vivo high-frequency electrochemotherapy (HF-ECT).

2. Methods and Materials
2.1. Prototype Device

A prototype device that generates high-frequency and high-voltage asymmetric bipo-
lar pulses was developed from a prototype serial asymmetric H-bridge generator, digital de-
lay generator DG645 (Stanford Research Systems, Sunnyvale, CA, USA), two high-voltage
capacitor banks and two high-voltage power supplies HCP 350-6500 (FuG Elektronik
GmbH, Schechen, Germany).

2.1.1. Serial Asymmetric H-Bridge Generator

The output stage of the developed device is a custom-made serial asymmetric H-
bridge generator presented in Figure 1. The H-bridge is made of 4 S switches with the
load in the middle of the H-bridge. Two resistors AZ151K (Ohmite, Warrenville, IL,USA)
in series were used as a generator internal load to optimize the pulse fall time. The H-
bridge is supplied from two galvanically separated DC links. Each DC link supplies the
H-bridge diagonally, i.e., one DC link supplies the power for the positive pulse and the
other DC link for the negative pulse on the load. Each DC link consists of five C; = 0.25 pF
(B58031U9254M062, TDK, Tokyo, Japan) capacitors and five C = 5 uF (B5803319505M001,
TDK, Tokyo, Japan) capacitors to achieve optimal frequency and capacitive response.
Five R, = 10 MQ) (SM101031005F, Ohmite, Warrenville, IL, USA) resistors are used to
evenly distribute the voltage across the capacitors. Two trigger inputs are used, the first to
trigger the positive pulse and the second to trigger the negative pulse. Logical gates NOR
(MC74AC02DG, ON Semiconductor, Phoenix, AZ, USA) are used at the inputs to prevent
positive and negative triggering at the same time. The S switches are presented in more
detail in Figure 2. Each S switch is developed from three SiC MOSFETs (C2M0045170D,
Cree, Silicon Drive Durham, NC, USA) in series with 1700 V maximal drain to source
voltage and 160 A maximal pulsed drain current. Resistors Ry = 100 MC) (SM102031006FE,
Ohmite, Warrenville, IL, USA) are used to evenly distribute the voltage across the SiC
MOSFETs during the off state. Driving circuit D.C. was designed from MOSFET driver
IXDN609SI (IXYS, Beverly, MA, USA), isolated DC-DC converter MGJ2D0520055C (Murata
Power Solutions, Westborough, MA, USA) and optical isolator ADuM210NOBRIZ (Analog
Devices, Wilmington, MA, USA) [61]. More data on element selection, optimization of the
driving and insulation circuit, testing MOSFETs in series, and fabrication of the device are
presented in the Appendix A.

2.1.2. Triggering of the Pulses

Two outputs of the digital delay generator were set and used to trigger and to define
the duration and number of the positive and negative pulses within the burst of pulses.
The outputs of the digital delay generators were connected to inputs, i.e., Trigger+ and
Trigger- of the serial asymmetric H-bridge generator (Figure 1). If necessary, a function
generator (33220A, Agilent Technologies, Santa Clara, CA, USA) was used to trigger several
bursts from the digital delay generator.
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Figure 1. Topology of the serial asymmetric H-bridge generator. Each block marked with S represents

one switch presented in Figure 2 marked with a striped line. Logical gates NOR at the input ensure
only one trigger pulse at a time. To generate asymmetrical bipolar pulses two galvanically separated
DC links are connected diagonally to the H-bridge.

Figure 2. Basic topology of three MOSFETs in series, each MOSFET has its own driving circuit,
presented as a box (D.C.). Dashed line defines a box S, four S boxes are connected in H-bridge for the
generation of bipolar pulses (Figure 1).

2.1.3. High-Voltage Capacitor Bank

To supply the energy to the H-bridge generator during the high-current or long-
duration treatments a high-voltage capacitor bank was connected to each DC link. Each
high-voltage capacitor bank was made from four capacitors 947D501K112BJMSN (Cornell
Dubilier Electronics, Liberty, SC, USA) in series. Capacitor banks were charged by high-
voltage power supplies HCP 350-6500.

2.1.4. Measurement of the Output Pulses

Output pulses from the prototype device were measured with oscilloscope HDO6104A-
MS (Lecroy, Chestnut Ridge, NY, USA), high-voltage differential probe HVD3605 (Lecroy,
Chestnut Ridge, NY, USA), and current probe CP031A (Lecroy, Chestnut Ridge, NY, USA).
Before in vivo experiment was conducted, the prototype device was evaluated on 80 ()
resistive load made from two resistors in series, i.e., 33 Q) resistor (AZ330KE, Ohmite, War-
renville, IL, USA) and 47 Q) resistor (AZ470KE, Ohmite, Warrenville, IL, USA). This value
was chosen as the in vivo resistance of the tissue between the needle electrodes is close to
80 (1 [62]. All the measurements were analyzed in Matlab R2018b (MathWorks, Natick,
MA, USA). The rise/fall time was defined as the time required for a pulse to rise/fall from
10/90% to 90/10% of the maximal measured voltage. Pulse width is defined by Full-Width
Half-Maximum (FWHM). The pulse amplitude was defined as an average value above
the 95% of the maximal measured voltage. Additionally, an amplitude relative error was
determined as a difference between the set voltage and pulse amplitude.



Electronics 2021, 10, 1203

50f19

2.2. In Vivo Experiments
2.2.1. Animals

Animal experiments were conducted in accordance with the principles and procedures
outlined in the guidelines for animal experiments of the EU directives and permission
from the Administration of the Republic of Slovenia for food safety, veterinary and plant
protection was obtained (permission No.: U34401-1/2015/43).

In vivo experiments were performed on Balb/c female mice (Figure 3), 8 weeks old
(Envigo, Udine, Italy) that were maintained under pathogen-free conditions at constant
room temperature and a 12-hour day/night light cycle. Food and water were provided
ad libitum. One day prior to tumor induction, their right flanks were shaved. Approxi-
mately 7 days after the injection of 0.5 x 10° CT26 cells subcutaneously (American Type
Culture Collection, Manassas, VA, USA) or when the tumors reached 40 mm?3, mice were
divided into nine experimental groups (6-7 animals), (i) without treatment (Control); (ii)
chemotherapy with BLM; (iii) chemotherapy with CDDP; (iv) treatment with “classical”
electroporation pulses (ECT pulses); (v) treatment with HF-EP pulses (HF-ECT pulses);
(vi) ECT with BLM using “classical” electroporation pulses (BLM/ECT), (vii) ECT with
CDDP using “classical” electroporation pulses (viii) ECT with BLM using HE-EP pulses
(BLM/HF-ECT) (ix) ECT with CDDP using HF-EP pulses (See Table 1).

Table 1. Methods used (columns) in the experimental groups (rows). Experimental groups are: with-
out treatment (Control); chemotherapy with Bleomycin (BLM); chemotherapy with Cisplatin (CDDP);
treatment with “classical” electroporation pulses (ECT pulses); treatment with high-frequency elec-
troporation (HF-ECT pulses); electrochemotherapy with Bleomycin using “classical” electroporation
pulses (BLM/ECT); electrochemotherapy with Bleomycin using high-frequency electroporation
pulses (BLM/HEF-ECT); electrochemotherapy with Cisplatin using “classical” electroporation pulses
(CDDP/ECT); electrochemotherapy with Cisplatin using high-frequency electroporation pulses
(CDDP/HF-ECT). The methods used in groups are: subcutaneous injection of tumor cells (s.c. TC); in-
tratumoral injection of Bleomyecin (i.t. BLM); intratumoral injection of Cisplatin (i.t. CDDP); delivery
of “classical” 100 us electroporation pulses (EP); delivery of high-frequency 1-1-1-1 us electroporation
pulses (HF-EP).

Method
Used . .
Exp. s.c. TC i.t. BLM i.t. CDDP EP HF-EP
Group
Control X
BLM X X
CDDP X X
ECT pulses X X
HF-ECT pulses X X
BLM/ECT X X X
BLM/HF-ECT X X X
CDDP/ECT X X X

CDDP/HF-ECT X X X
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Figure 3. The design of the animal experiments. The accelerometer was attached to the right hind
foot of the mouse with adhesive tape. Electric pulses were generated by a newly-developed prototype
device and delivered to the tumor on the right flank of the mouse by parallel plate electrodes.

2.2.2. Treatment Protocol

Two ECT protocols with BLM or CDDP were compared in vivo: ECT with well-
established “classical” ECT pulses (8 x 100 us) and ECT with HF-ECT pulses. Treatment
consisted of intratumoral injection of BLM (Bleomycin medac, Medac, Wedel, Germany;
5 ug; 40 puL) or CDDP (Cisplatin Kabi, 1 mg/mlL, Fresenius Kabi AG, Bad Homburg,
Germany; 40 ng; 40 uL), pulse delivery was followed 2 min later. For the application of
electric pulses, parallel plate stainless-steel electrodes with 6 mm interelectrode distance
were used. A water-based gel was used to ensure good conductivity at the point of contact
between electrodes and the skin overlaying the tumors. Physiological solution (40 uL) was
injected in the control group and groups with electric pulses only. Mice were anesthetized
with inhalation of 2% (v/v) isoflurane in pure oxygen in the induction chamber. Afterward,
the mouse muzzle was placed under an inhalation tube to keep mice anesthetized during
the treatment.

In “classical” ECT electric pulses were delivered with a commercially available Be-
taTech electroporator (Electro cell B10, Leroy Biotech, Saint-Orens-de-Gameville, France).
Electric pulse parameters: 780 V, 1.3 kV/cm voltage to distance ratio, eight 100 ps long
pulses were applied in two perpendicular directions (4 + 4) at 1 Hz pulse repetition rate.
In HF-ECT pulses were delivered by the newly developed prototype device. One combi-
nation of electric pulse parameters was used (2.5 times higher voltage over distance [38]):
eight bursts of 50 bipolar square wave pulses 1 us-1 us-1 ps-1 ps (duration of a positive
polarity-pause between pulse polarities-duration of a negative polarity-pause between
bipolar pulses) at 1 Hz burst repetition rate resulting in equal total pulse amplitude time
for both pulse protocols. Pulse voltage amplitude in HF-ECT was 1950 V (3.25 kV/cm
voltage to distance ratio).

The therapeutic effect was estimated three times per week by measuring tumor
volume using a vernier caliper. Tumor volume was calculated according to: V = a x
bxcx %, where a, b and ¢ were three mutually orthogonal tumor diameters. Mice were
euthanized when tumor volume reached 350 mm?. A Kaplan-Meier survival plot was
constructed with the tumor volume of 300 mm? representing the endpoint event. Statistical
test Survival LogRank was performed on survival results (SigmaPlot, Systat Software, San
Jose, CA, USA).

In the scope of this study, we also evaluated muscle contractions during pulse delivery.
A triple axis accelerometer BMA220 (DFRobot, Shanghai, China) was connected to Arduino
UNO (Arduino, Boston, MA, USA). The accelerometer was taped with a micropore tape to
the right hind foot during pulse delivery. Software captured and saved the measurements
that were analyzed post festum in Matlab. The absolute acceleration was calculated and
gravitation was not excluded.

3. Results
3.1. Device Performance

The measurement of monopolar and symmetric bipolar pulses with minimal pulse
duration 200 ns and 1 us are displayed in Figure 4. The capacitor charging voltage was set
to 500 V and then raised to 4 kV in 500 V steps. Minimal duration pulses are limited by
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their rise and fall time and are therefore bell-shaped. In order to reach 4 kV the duration
of the trigger pulse was increased to 260 ns that resulted in 200 ns FWHM pulse duration
at 4 kV and longer pulses at a lower amplitude. At 1 us FWHM pulse duration rise and
fall times become negligible and the pulse shape square-wave (Figure 4c). The poles of the
bipolar pulses are symmetric.

4 4 4 c
3.5 3 3
3 =2 =2
=25 = <
’ o 1 o 1
- & S
5 2 2 2
%D c 0 o 0
=15 > >
o = ==
o a2 ar
= =] =
Sos °-2 ©-2
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0 -3 -3
-0.5 -4 -4
-200 0 200 400 =05 0 0.5 -2 0 L2 4 6
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Figure 4. The measurement of monopolar 200 ns (a), bipolar 200 ns (b) and bipolar 1 us (c) pulse
on a 80 ) load resistor. The capacitor charging voltage was set to 500 V and then raised to 4 kV in
500 V steps.

In Figure 5 symmetric and asymmetric pulse generation is presented. The pulse dura-
tion of a positive and negative polarity can be set independently from 200 ns (Figure 5a) to
1 ms. Similarly, pulse amplitude of negative and positive polarity can be set independently
(Figure 5b,c). In Figure 5a the capacitor charging voltage was set to 4 kV and trigger pulse
duration was set to 260, 400, and 800 ns for both polarities. With the two longer pulse
durations, the pulse amplitude comes close to 4 kV and the pause between both polarities
is reduced. In Figure 5b,c the amplitude of the first polarity was the same (4 kV) and trigger
duration 260 ns (Figure 5b) or 1 us (Figure 5¢). Charging voltage of the second polarity
(4 kV,2kV and 1 kV), and the trigger duration (260 ns, 400 ns, and 800 ns (Figure 5b) or
1 ps, 2 ps, 4 s in Figure 5¢) were changed. Figure 5 demonstrates that the minimum pulse
duration and highest amplitude of the first polarity have good repeatability and can be
followed by the pulse of opposite polarity of any pulse duration or amplitude within the
operation range.

a b c
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time (us) time (us) time (us)

Figure 5. A generation of symmetric (a) and asymmetric (equal charge) (b,c) bipolar pulse. The pulse
duration and the pulse amplitude of a positive and negative polarity can be set independently.
For measurements shown in subfigure (c) the high-voltage capacitor bank was added.
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The monopolar pulse measurements from Figure 4 were further studied in detail.
The rise and fall time, pulse duration, and relative error in amplitude 6U were calculated
for each set voltage (Figure 6). As expected, both the rise and fall time of the pulse rises
with set voltage. However, the maximal rise and fall time are below 150 ns that allows the
generation of pulses with a minimum pulse duration of 200 ns at a maximal set voltage.
At lower voltages, 200 ns pulse duration can be achieved by trigger pulse calibration.
The maximal relative error in pulse amplitude is 5% which meets the desired performance.

140 2 200 b ;
120 ,(/ 150
g // ! E ‘;““
2 100 / 2 100
2 30 - /
= * / & 50
60 ) e
‘ 0 .
0 2 4 0 2 4
set voltage (kV) set voltage (kV)
350 ¢ 5 d ;
- X 4
)
‘ § 300 x ;\g 3 *
s X 5’ /
% 250 AN o2 Y /
172} N\ \
= X
2 o 1r /
200 0
0 2 4 0 2 4

set voltage (kV) set voltage (kV)

Figure 6. The rise (a) and fall time (b), FWHM pulse duration (c) and amplitude relative error 6U (d)
for each measured monopolar pulse from the Figure 4a.

3.2. High-Frequency Electrochemptherapy In Vivo

The device was also tested “in vivo”. In Figure 7 current and voltage measurement of
delivered HF-EP pulses are shown. Additionally, in Figure 8 the signals from the accelerom-
eter attached to the mouse leg during the pulse delivery is presented. The accelerations in
classical ECT pulses (eight monopolar, 100 pus long, 1 Hz pulse repetition rate, and pulse
amplitude 780 V) are comparable to eight bursts of high-frequency 1-1-1-1 us (duration of
a positive polarity-pause between pulse polarities-duration of a negative polarity-pause
between bipolar pulses) long bipolar pulses, burst repetition rate (1 Hz) as “classical” ECT
pulse repetition rate, and higher voltage amplitude 1950 V. No significant difference in
the muscle contractions were observed. Furthermore, the therapeutic effect of ECT with
BLM in combination with HF-ECT pulses was investigated. Both, “classical” and HF-ECT
electric pulses, significantly (p < 0.05) potentiated the antitumor effect of BLM. Namely,
“classical” ECT with BLM resulted in 50% (3/6 mice) complete responses and HF-ECT with
BLM in 86% (6/7 mice) complete responses. The difference between these two groups is
however not significantly different (p < 0.05). Survival of animals from these groups was
significantly prolonged compared to the non-treated control group, only BLM or only EP
treated groups (Figure 9). The difference between the two types of electric pulses was not
significant. After the treatment, their body weight did not vary more than 5% (data not
shown), and no treatment-related mortality was observed. Meaning in animals, “classical”
ECT and HF-ECT were well tolerated.
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Figure 7. In vivo measurement of high-frequency voltage and current pulses applied through the
electrodes: (a) eight bursts of high-frequency pulses with 1 Hz burst repetition rate; (b) zoomed the
fourth burst of fifty 1-1-1-1us long bipolar pulses with the 1950 V set voltage; (c) zoomed the fourth
burst of current through the electrodes; (d) zoomed voltage pulses (e); and zoomed current pulses.
During the delivery of pulses, no voltage drop was present.
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Figure 8. The absolute acceleration measured by an accelerometer attached to mice leg: (a) “classical”
ECT pulses, (b) high-frequency ECT pulses. Blue and orange represent two individual measurements.
Some noise is present in the pause between pulses, which was most likely caused by the person
holding the mice and electrodes.
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Figure 9. Survival of animals treated with “classical” and high-frequency ECT. Control (without
treatment), chemotherapy with BLM, treatment with “classical” electroporation pulses (ECT pulses)
or HF-EP pulses (HF-ECT pulses), with BLM using “classical” electroporation pulses (BLM/ECT) or
HF-EP pulses (BLM/HF-ECT). The difference between BLM/ECT and BLM/HF-ECT is statistically
not significant.

4. Discussion
4.1. Device Performance

The developed device can generate 4 kV pulses, with theoretical maximal current
131 A (Appendix A) and 200 ns minimal pulse duration, the maximal pulse repetition rate
2 MHz, and the maximal burst repetition rate 1 MHz.

The device was first evaluated on an 80 () resistor. Monopolar, as well as symmetric
and asymmetric bipolar pulses, were generated successfully (Figures 4 and 5). Rise and fall
time increased with the capacitor charging voltage amplitude. Therefore, the shape of the
pulse is less squared and more bell-shaped for 200 ns. The maximal relative error between
the set voltage and measured load voltage was less than 5%. With the extension of pulse
duration, error decreased and pulse shape was more square-shaped (Figure 5a). However,
a slight voltage amplitude drop can be seen in Figure 5a, which occurs due to the lack of
stored energy, which was improved with an additional capacitor bank (Figures 5c and 7).
The capacitor bank stores a sufficient amount of energy, to prevent voltage drop of more
than 5% of the initial voltage. Figure 6d shows that amplitude relative error is reduced
with the reduction of the set voltage.

Because of poor literature hardware reporting of bipolar electroporators, a detailed
comparison is difficult. Regarding the output pulse parameters, the main innovation of
the presented device is its ability to generate high-frequency asymmetric bipolar pulses.
Maximal output pulse amplitude is 4 kV, Sano et al. [60,63—-65] reached 5 kV. There is our
device with a 131 A maximal current that can also be used for in vivo IRE. In addition,
the minimum pulse duration in combination with high-voltage (4 kV) and asymmetry
represents an improvement with respect to other devices described in the literature so far.
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The design proposed in this paper enables faster development and spread of the
high-frequency electroporation (H-FIRE, and HF-ECT). Because of asymmetrical pulse
delivery, it enables research of still unexplored pulse parameters in vitro and due to high
maximum current also in vivo. The developed generator consists of the newest component
technologies presented in Section 2 and Appendix A, that enable faster switching times %
in comparison to previously described solutions [37,54].

Arena et al. were one of the first who developed a custom high-frequency pulse
generator, with a maximal output rating of the system equal to 450 V and with a sufficient
level of charge to deliver 20 A over a 100 ps bursts [35]. In more recent studies of the same
group [66], the burst consisted of a train of 100 pulses of 1 us duration and alternating
polarity, with a delay of 2 us between each pulse, and also the amplitude was increased
to 800 V. While Sano et al. managed to reduce the minimum pulse duration to 250 ns,
the minimal delay between the change of pulse polarity was still 1 ps. Yao et al. developed
an IRE bipolar electroporator and electrodes. Their device can generate pulses from 800 V
to 2 kV, with pulse duration from 1 ps up to 100 us, but the burst repetition rate is equal
to 1s[59]. A similar device was used in the first clinical study using H-FIRE pulses by
Dong et al. [67]. Grainys et al. developed a bipolar symmetrical and asymmetrical electro-
porator (1 kV, 100 A) for in vitro electroporation and presented it in grater detail [54].
For in vivo experiments, higher voltage amplitudes may be required. Mirai Medicals
developed a CE-approved clinical electroporation generator named ePORE, which enables
a simple and reliable delivery of ultrashort electrical pulses up to 250 kHz. They report that
the use of such pulses eliminates muscular contractions and pain associated with pulse
delivery [64,68].

4.2. High-Frequency Electrochemotherapy In Vivo

The developed device was used in an in vivo experiment treating subcutaneous tumors
in mice to evaluate tumor responses. Only half of the capacitor bank (four capacitors)
was used because we used symmetric pulses. No voltage drop was detected in in vivo
measurements (Figure 7), i.e., energy storage was sufficient.

In vitro experiments by Scuderi et al. [38], showed that HF-EP could be used in
ECT. We here present the first in vivo experiments of HF-EP in ECT. Scuderi et al. [38]
determined that 2.5-times higher electric field should be delivered with the HF-EP pulses
to obtain comparable cytotoxicity as with “classical” ECT pulses. Therefore, in our in vivo
experiments we applied the electric pulses with an amplitude of 1950 V for HF-ECT, which
resulted in 3.25 kV/cm (voltage to distance ratio). ECT with BLM and HF-EP proved at
least as effective as ECT with classic well-established electric pulses and 86% and 50%
complete responses were observed, respectively. Additionally, preliminary data on ECT
with CDDP and HF-ECT pulses (n = 2) indicated that ECT with HF-EP is as effective as
classical ECT, resulting in 100% complete responses.

Additionally, muscle contractions present during HF-ECT were observed. Accelera-
tions of mice hind leg during the pulse delivery were measured. In contrast to numerous
reports [35,36,59,64,69] muscle contractions were similar in both protocols. Our findings in
HE-EP are not in agreement with the published results of Ringel-Scaia et al. [70], where
H-FIRE caused no muscle contractions in comparison to IRE pulses delivered with needle
electrodes. However, we are the first to use plate electrodes in combination with HF-EP. Based
on another effect obtained it seems, the voltage amplitude for in vivo HF-ECT with plate
electrodes could be reduced. Lowering of amplitude may also affect muscle contractions.

5. Conclusions

The developed device operates in accordance with expectations, the maximal output
voltage is 4 kV, the theoretical maximum current 131 A, minimal pulse duration 200
ns, and the maximal pulse repetition rate is 2 MHz. It generates asymmetric bipolar
pulses, i.e., pulse duration asymmetry, and pulse amplitude asymmetry can be regulated
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independently. Thus, the device enables research of still not completely understood effects
in the range of poorly investigated s range of pulse parameters in vitro and in vivo.

The device was tested on an 80 () resistor and in vivo on a mouse tumor model. In both
cases, the desired performance was reached. Additionally, the movement of the mice’s leg
during the pulse delivery was measured by an accelerometer in order to evaluate muscle
contractions. In contrast to existing reports, we observed comparable muscle contractions
in both protocols used. Further in vivo measurements are needed, before final conclusions.
Most importantly, HF-ECT with BLM and CDDP proved as effective as the established
“classical” ECT with BLM and CDDP by using higher pulse amplitudes.
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Abbreviations

The following abbreviations are used in this manuscript:

IRE irreversible electroporation
ECT electrochemotherapy
BLM bleomycin

CDDP cisplatin

H-FIRE  High-Frequency IRreversible Electroporation
HEF-EP high-frequency electroporation

AF atrial fibrillation

PFA pulsed field ablation

HF-ECT high-frequency electrochemotherapy
FWHM  Full-Width at Half-Maximum

Appendix A. Details in Generator Development

In our previously published paper [61], we already made an analysis and comparison
between the most commonly used semiconductor switching technologies in pulse gener-
ators. We again chose the Silicon Carbide (SiC) MOSFET technology, which we believe
is the most suitable for high-voltage and high current short pulse duration generators.
After the analysis, the manufacturer started to produce even more suitable SiC MOSFETs
(C2M0045170D, Cree, Silicon Drive Durham, NC, USA) with a drain to source voltage
1700 V and pulse drain current 160 A. Only three MOSFET in series are needed in order
to generate desired 4 kV pulses on the output. When designing a driving circuit for SiC
MOSFET it is important to consider SiC MOSFETSs special characteristics [71]. SiC MOS-
FET’s have low transconductance, therefore must be driven with high-voltage difference.
For fast switching high ‘fi—‘t/ of the Vs is needed, meaning the driving circuit should have
low impedance. For optimal switching also stray impedance of the driving circuit must be
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minimal, therefore, lines connecting the SiC MOSFET driver to power supply capacitors
and gate terminal should be as short as possible.

The development of a versatile pulse generator started with the selection of the
appropriate electronic components. In this paper we intended to upgrade the driving
circuit presented before [61], mainly by reaching higher %’ meaning we can generate

shorter pulses on the output. Therefore, we analyzed available drivers and optical isolators.

Appendix A.1. Driver and Optical Insulation

In order to develop a generator that would be able to generate a few hundred nanosec-
onds wide square wave pulses, with the best possible repeatability (good time precision)
and at the same time high accuracy, we made an analysis and comparison between the most
commonly used drivers and optical isolators in high-voltage pulse generators. We were
looking for a driver and optical isolator with a short minimal FWHM (Full-Width Half-
Maximum) and at the same time high common-mode transient immunity (CMTI—%),
because minimal FWHM and high CMTI define the electroporator output minimal pulse
width. The pulse width jitter should be low for good time precision. Therefore we evaluated
the minimal FWHM and calculated the pulse width jitter of each component separately.

On the basis of the following characteristics: maximum working isolation voltage,
CMTI, maximum pulse width distortion, maximal propagation delay skew, and maxi-
mal propagation delay, collected from the datasheets, we picked the following optical
isolators: HCPL-0723(Avago Technologies, San Jose, CA, USA), HFBR 0508Z (Broadcom,
San Jose, CA, USA), ADuM210NOBRIZ (Analog Devices, Wilmington, MA, USA); and
drivers: IXDN609SI (IXYS, Beverly, MA, USA), MIC4422YM (Micrel, San Jose, CA, USA),
UCC27531DBVT (Texas Instruments, Dallas, TX, USA). Additionally, we also evaluated
ADuM4223 (Analog Devices, Wilmington, MA, USA) and Si826BAD-C-IS (Silicon labs,
Austin, TX, USA), which are a combination of a driver and optocoupler in one chip. For the
evaluation we used an evaluation board offered by the manufacturer (if available), oth-
erwise, we made a custom board in accordance with the manufacturer’s instructions or
similar to other designs.

All the components under test were triggered with a function generator (332204,
Agilent Technologies, Santa Clara, CA, USA) set to: 5 V), with 2.5 V), offset, frequency
10 Hz, pulse rise time 5 ns, pulse width 20 ns and number of pulses 30. The minimal
trigger FWHM is 20 ns if the component under test did not generate the output pulse,
the trigger FWHM was increased by steps of 10 ns. In the case of optical isolation evaluation,
the output was measured with a high precision differential probe TDP1000 (Tektronix,
Beaverton, OR, USA) and displayed on the oscilloscope MSO4104 (Tektronix, Beaverton,
OR, USA). While, for the evaluation of driver, the MOSFET in series connected to a charged
capacitor and 100 2 load resistor (TFSF100RJE-ND, Ohmite, Warrenville, IL, USA), was
added and the pulse on the MOSFET was measured, with a high-voltage differential
probe ADP305 (Lecroy, Chestnut Ridge, NY, USA) and displayed on the oscilloscope
Wavepro7300A (Lecroy, Chestnut Ridge, NY, USA). The capacitor was charged with a
high-voltage generator MCP 350-1250 (FuG Elektronik GmbH, Schechen, Germany).

Minimal measured FWHM and jitter for optical solutions are shown in the Table A1
and for drivers in Table A2. The minimal FWHM in the Tables A1l and A2 is defined as an
average of thirty measured FWHM's at minimal trigger FWHM and jitter is defined as the
difference between maximal and minimal measured FWHM at minimal trigger FWHM.
Further in the paper for easier reading instead of FWHM term pulse width is used.
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Table A1. Optical Isolators: Mean values of minimal FWHM further defined as pulse width and jitter
for a set of 30 measurements, for different optical isolators under test.

Component Set/Measured Output Pulse Jitter (ns)
Trigger Width (ns) Width (ns)
HCPL-0723 20/19.10 18.53 1.04
ADuM4223 50/49.45 40.98 0.75
Si826BAD-C-IS 30/28.65 13.84 0.29
HFBR 0508Z 20/19.25 30.2 0.93
ADuM210NOBRIZ 20/21.37 18.28 0.26

The test showed ADuM4223 and Si826BAD-C-IS are less suitable for our application,
due to high pulse width. Therefore we excluded them from further testing. HCPL-0723
has the highest jitter and according to the datasheet, also the lowest CMTI, which is only
10 ’% HFBR 0508Z is actually a set of fiberoptic transmitters and receivers connected with
a plastic fiber optic cable. Due to the higher output pulse width and design complexity of
HEFBR 0508Z we finally deiced to use ADuM210NOBRIZ in our electroporator, because of
its high CMTI, which is 100 k—z and its best test performance.

IXDN609SI was the only driver that can be triggered with a 20 ns pulse, however,
it has the biggest jitter. Because we wanted to develop a device that would be able to
generate pulses as short as 200 ns, IXDN609SI was chosen for achieving our goal, the most
appropriate component among the tested devices. The final driving circuit topology was
almost the same as presented in Pirc et al. [61]. Only two isolated DC-DC converters were
replaced with one isolated DC-DC converter MGJ2D052005SC (Murata Power Solutions,
Westborough, MA, USA) and the optocoupler was changed. The optimal gate resistor
value was determined through testing in accordance with the performance requirements.

Table A2. Drivers: Mean values of minimal FWHM and jitter for a set of 30 measurements, for differ-
ent drivers under test.

Component Set/Measured Output Pulse Jitter (ns)
Trigger Width (ns) Width (ns)
IXDN609SI 20/20.4 44.36 9.45
ADuM4223 70/69.99 67.53 1.98
UCC27531DBVT 110/109.23 57.27 3.8
MIC4422YM 40/39.82 125.26 2.55

Appendix A.2. Testing MOSFETS in Series

After the selection of appropriate components, a monopolar prototype was built. We
connected three MOSFETSs in series in order to evaluate the high-voltage (4 kV) switching,
the feasibility of the series, and selected components. In Figure A1, a basic topology of the
series is presented. Capacitors C; (940C20W1K-F Cornell Dubilier Electronics, Liberty, SC,
USA) are charged by an HV power supply HCP350-6K5 (FuG Elektronik GmbH, Schechen,
Germany) and when triggered discharged by a R;,;7 150 Q) resistor (AZ151KE, Ohmite,
Warrenville, IL, USA). In parallel to each SiC MOSFET, a resistor R; (SM102031004FE,
Ohmite, Warrenville, IL, USA) is added, which ensures the uniform distribution of voltage
over all three MOSFETs. In order to be able to generate pulses as short as 200 ns on the
output load, rise and fall time should be lower than 50 ns. With testing, we determined the
minimal gate resistor (R) value that still keeps the circuit stable as 6.8 (). We also tested
different strategies eg. turning on lower MOSFET slower than the other two, however,
in the end, the optimal results were obtained when all three MOSFETs had the same value
of Rq.
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Figure A1. Test circuit of three MOSFETs in series, each MOSFET has its own driving circuit which
is in the figure presented as a box marked with initials D.C.. Dashed line, defines a a box S, four of
those boxes are for the purpose of bipolar pulse generation connected in H-bridge (Figure 1).

The circuit was triggered with a digital delay generator DG645 (Stanford Research
Systems, Sunnyvale, CA, USA), the trigger pulse width was set to 100 ns. Output pulse
was measured with the oscilloscope HDO6104A-MS (Lecroy, Chestnut Ridge, NY, USA),
high-voltage differential probe HVD3605 (Lecroy, Chestnut Ridge, NY, USA), and current
probe CP031A (Lecroy, Chestnut Ridge, NY, USA). The outstanding performance was
reached, pulse voltage amplitude was 3.98 kV, and pulse current amplitude was 28.45 A,
while the pulse rise time was only 40.8 ns and fall time 47 ns, meaning minimal FWHM
that can be generated is 100 ns as shown in Figure A2.
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Figure A2. Measurement of the output pulse, generated by series of three MOSFETs: (a) Measured
voltage on the 150 () load resistor. (b) Measured current trough the 150 () load resistor.

Appendix A.3. Theoretical Maximal Current Calculation

Because each MOSFET has a maximal pulse drain current equal to 160 A, the maximal
theoretical output current of the device is evaluated to be 131 A. We reduced the 160 A for
10% as a safety margin and for the current flowing through the internal load at maximal
output voltage (current flowing through the internal load at 4 kV is ~ 13 A, because internal
load resistance is equal to 300 (2). The maximal current was tested up to 50 A.

Appendix A.4. Fabrication and Assembly

The asymmetric H-bridge generator displayed in Figure A3 was implemented on 6U
Eurocard PCB, double-sided with 140 um copper layer and solder stop mask. If available,
SMD electrical components were preferably chosen, trigger input connectors are a 50
) SMA. During the PCB design, special attention was given to make lines spaced for
the high-voltage, and at the same time as short as possible and wide enough for the
high currents.
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Figure A3. The developed prototype device. The developed H-bridge circuit is implemented on
double-sided PCB 6U board and installed on a custom-made capacitor bank. The black box is a
capacitor bank discharge circuit.
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