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Abstract— Electroporation is an effective technique based on applying an electric field to
cells commonly used to increase the effectivity of drug and gene delivery. When the applied
electric field is strong enough, it can be used for selective cell death with promising results
in cancer treatment. This paper proposes the development of a modular multi-level topology
in order to provide a high-performance tool for research in electroporation. The proposed
converter based on a scalable multi-cell approach is detailed and analyzed in this paper, and
an experimental prototype has been designed and built. The experimental results prove the

feasibility of this proposal to enable advanced electroporation techniques.
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I. INTRODUCTION

Cancer treatment is a priority among multidisciplinary researchers worldwide due to its
extreme impact in our current society. Classical treatment techniques include
chemotherapy/immunotherapy, radiotherapy and surgery, which are often combined to
obtain better results [1]. However, with more than 100 different types of cancer [2] which
evolve differently in each body, it is difficult to obtain a universal optimum therapy. In order
to address this colossal challenge, new techniques have arisen in the last decade either to
provide better results or treat cancer cases which are not possible to treat using conventional
techniques. Among these techniques, hyperthermia, stem cell transplant, photodynamic/laser
therapy and electroporation are some of the most promising ones.

Currently, power electronics play a key role in medical applications [3] enabling the
development of new equipment for diagnosis, monitoring, treatment, and implants [4, 5]. In
particular, power electronics is essential in electroporation research, enabling the
implementation of new equipment able to help doctor and patients in the search of a cure.

This paper focuses on the development of a versatile multi-level platform [6] for cancer
treatment using irreversible electroporation. Electroporation [7, 8] is a technique described
in the 1980s [9, 10] based on applying an intense electrical field to living tissues to induce
physiological changes [11, 12]. Electroporation is commonly applied to increase the cell
permeability and, as a consequence, facilitate the drug delivery process [13]. The electric
field applied, E, to observe the cell reversible electroporation must be above a minimum
limit, Erv. However, when the applied electrical field is high enough, the changes made are
permanent and lead to apoptosis, i.e. cell death, and the technique is called Irreversible

Electroporation (IRE) [14-16] (Fig. 1). The electric field applied in irreversible
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electroporation is higher than a minimum limit, Eiven, and lower than Etermar, where the
thermal heating due to resistive losses become predominant. IRE has arisen lately as a
promising non-invasive treatment for those tumors difficult to treat by other means [17, 18],
especially in liver tissues.

Previous biomedical studies have reported that, in order to achieve IRE, it is required an
electric field exceeding 1 MV/m with fast rising times [14, 19-21]. Besides, the application
of bipolar pulses has been identified as a promising technique with improved results. These
requirements, combined with a wide set of possible treatments based on different application
times and modulation techniques, requires the development of a versatile pulse generation
platform. In the past, several topologies have been proposed for electroporation with different
applications [22, 23]. The Marx generator [24, 25] is often proposed for food processing at
industrial scale, but lacking the controllability required for medical applications. In [26], a 2-
kV MOSFET based converter, limited to 2.15 MV/m. Besides, in order to provide proper
pulsed power, pulse forming networks (PFN) have been proposed [27], being the Blumlein
topology [28] commonly adopted. Besides, considering the potential scalability of the

problem, a 1-kV modular voltage source has been also proposed in [29].
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Fig. 1. Electroporation: (a) reversible and (b) irreversible phenomena.

Currently, commercial generators for biomedical applications are available up to 3 kV with
unipolar pulses and limited controllability. In this paper, a versatile multi-level inverter is
proposed, being able to scale the output power beyond this limit with bipolar pulses, faster
rising times and fully programmable pulses.

The remainder of this paper is organized as follows. Section II presents the basic techniques
and requirements for IRE. Section III presents the proposed modular multi-level topology
designed following the requirements of irreversible electroporation. Section IV analyzes the
converter operation and details the design of the main elements. Section V shows the main
implementation and experimental results of a scaled prototype and, finally, Section VI draws

the main conclusions of this paper.
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II. IRREVERSIBLE ELECTROPORATION CONSIDERATIONS

Irreversible electroporation (IRE) is a non-thermal focal technique based on applying a
strong electrical field to living cells to cause irreversible electroporation leading to apoptosis.
Unlike heating or drugs based methods, IRE is a minimally invasive technique where
collateral damage is minimized since the surrounding tissue is not affected and no drugs are
introduced into the patient general system.

In order to achieve IRE, high electrical field strength Eiev must be achieved which ranges
from typical values up to 2.5 kV/cm for mammalian cells, to 12 kV/cm for plant cells, and
up to 24 kV/cm for bacteria. In this paper, the power converter will be designed considering
a 1-cm sample of mammalian cells aiming to enable research in human cancer treatment.

In addition to the voltage level, i.e. electric field strength, the applied waveform has a direct
impact on the effects of the treatment. Fig. 2 summarizes the voltage waveform commonly
applied by most electroporation generators. Many of them are based on capacitor discharge
and, consequently, the voltage follows an exponential decay as shown in Fig. 2(a). However,
in order to obtain more repeatable and stable results, modern generators are based on square-
wave generators, applying a constant voltage. This technology started by applying monopolar
high-voltage pulses (Fig. 2(b)), but recent research results suggest that the use of bipolar
high-voltage pulses may increase the effectivity of the treatment (Fig. 2(c)). In both cases,

the slew rate is an important design factor, being essential to ensure a high peak current.
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Fig. 2. High-voltage pulses for IRE: (a) exponential decay, (b) square-wave monopolar
pulse, (¢) square-wave bipolar pulse, and (d) square wave bipolar pulse train.

The complete treatment is normally composed of several pulses generated using one of the
aforementioned techniques. These pulses are combined to form a pulse train, also called
burst-mode or pulse density modulation (Fig. 2(d)). Pulse width for IRE in mammalian cells
usually range from 1 us to several hundreds of ps, whereas the number of pulses is variable
from 1 to 100.

Considering the highly variable treatment conditions, as well as the necessity to obtain a
reliable tool to characterize and assess IRE treatments, in this paper a converter able to supply
bipolar pulses using configurable burst-mode modulations with pulse width from 1 us and

rise time lower than 10% will be considered.
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The biological electroporation load can be

modeled following a simplified electrical

equivalent as shown in Fig. 3. It takes into

account the tissue equivalent parallel

resistance, Re, as well as the capacitive

behavior of the cell membrane, Cn, Ri, Rm  Fig. 3. Simplified electrical model during
the electroporation process.

[20]. When the electroporation treatment is

applied, Rep 1s commonly reduced, reducing the impedance of the tissue. Usually, the time

constant for electroporation process assuming a first-order response is close to 0.2 us, and

the maximum peak current will be considered to be 150 A to achieve a fast rise time. These

values will be taken as reference load for the converter validation.

The next section details the proposed converter as well as its analysis and design process

to obtain the required features for the IRE application.

III. PROPOSED VERSATILE MULTILEVEL CONVERTER

A. Versatile multilevel architecture

The proposed versatile multilevel converter has been designed to be a high-performance
tool enabling research on IRE. Fig. 4 shows a block diagram of the complete pulse generator
architecture. Firstly, a bus charge unit composed of a full-bridge inverter is used at the input
to charge the bus voltage of each ac-dc-ac cell through a transformer. By following this
approach, it is possible to provide the required high voltage isolation while having a high
power density implementation. Compared with previous proposals, this topology ensures
proper output voltage control while the modular design ensures scalability for different

applications.
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Fig. 4. Proposed versatile platform architecture.

The proposed multilevel architecture is composed of several ac-dc-ac cells which allow
generating bipolar pulses. The outputs of the inverter cells, vo,i, are connected in series, so
the number of cells can be easily selected according to the output voltage requirements.
Unlike previous proposals and commercial electroporation equipment, it is important to note
that the proposed architecture allows generating any pulse width and pulse trains with high
versatility.

Finally, the electrodes connected to the output of the inverter block can be shaped either as
parallel planes, as shown in the figure, or needles. The former provides a uniform electric
field, while the latter enables easier application in living tissues. In this paper, both an
equivalent RC circuit and parallel plane electrodes applied to plant cells will be used for test.

Finally, both the bus charge unit and the set of ac-dc-ac cells are controlled using an FPGA-
based digital control architecture [30]. The FPGA enables controlling the high frequency

inverter block to obtain the desired bus voltage as well as each full bridge inverter cell. The
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control signals are isolated using optic fiber in order to provide the required isolation for high
voltage and high dv/d¢ applications. In this application, the main parameter to be controlled
is the output voltage as well as the number and shape of applied pulses, which will depend
on the treatment. Besides, the output voltage and current are measured to control and evaluate
important parameters of the electroporation process and in order to ensure the proper and

reliable converter operation. The next subsection details the schematic and operation of each
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Fig. 5. Basic cell schematic (a) and main waveforms and control signals (b).

B. Basic cell description

Each ac-dc-ac cell (Fig. 5(a)) is supplied by the high frequency inverter block through a
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high frequency transformer. The input voltage is rectified and filtered (Cs,») in order to obtain
an isolated bus voltage, Vs, for the inverter stage. The bus capacitor and its charging
procedure must be carefully designed in order to provide enough energy for the
electroporation process without significant bus voltage reduction, according to the
application specifications.

The selected topology for the inverter cell is the full-bridge inverter, which enables
generating bipolar pulses in an efficient way. It is composed of four transistors with
antiparallel diodes, S#a,n, S4.n, StBn, and Scs.n, which are designed to provide the required
current pulse. For this application, IGBT technology has been selected due to the high current
capability and short-circuit reliability. The driving circuit has been designed using optic fiber
and isolated power supplies in order to ensure the proper isolation for high voltage
applications.

The main waveforms of each inverter cell are shown in Fig. 5(b), where the control signals,
the output voltage and the output current during the electroporation process are represented.
As it is shown, the full-bridge inverter provides a bipolar output voltage which can be
controlled by the bus voltage and the number of cascaded cells. The peak output current is
limited by the dv/dt of the converter, which is typically higher than 2 kV/us, and will
determine, therefore, the performance of the proposed architecture. It is important to note
that, due to the parallel resistance Ry, a small holding current is present after the initial

transient. This ensures ZVS turn-on transition while achieving low turn-off losses.
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IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

In order to prove the feasibility and performance of the proposed modular multi-level
architecture, a high-performance 2-level converter for IRE has been designed and
implemented. The full-bridge cell topology has been built using IGBTs and high-
performance 1 kV film bus capacitors, ensuring sufficient peak current capability. Besides,
the transient thermal performance of TO-247 devices ensures the correct pulsed operation.
Consequently, each cell can provide up to 1250 V bipolar output voltage. The power
converter is controlled by a Spartan 6 FPGA which can be safely controlled through the USB
port enabling experiment automation.

The experimental measurements have been carried out using Tektronix DPO7000 series
digital oscilloscope, TCP303 current probe and P6015 high-performance high-voltage
voltage probe. In order to replicate the experimental conditions of the IRE process, an RC
circuit has been used as load with R =5 Q and C = 10 nF, which emulates the ac cell behavior,
leading to a peak current exceeding 150 A. Fig. 6 shows a picture of a cell of the experimental

prototype used in the following experiments.
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Fig. 6. Experimental prototype module.
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Fig. 7 summarizes the main experimental results for a single-cell converter using unipolar
modulation. In these experiments, different pulse widths have been tested, and a detail of the
peak current is given. From this experiments, the proper operation of the converter is

observed with a 1 kV output voltage and up to 100 A.
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Fig. 7. Main experimental waveforms for a single cell with different unipolar
modulation profiles: single-pulse 10 us (a), and detail of the positive (b). From top to
bottom: inverter branches output voltages v4, v (1 kV/div), cell output voltage v, (1
kV/div), and output current i, (62.5 A/div).

In order to obtain more advanced modulations to enable research in IRE which is usually

not possible with commercial products several bipolar modulations as well as pulse trains
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have been tested. Fig. 8 shows the main waveforms for10-us bipolar pulses (a), as well as

the detail of the positive (b) current peak. In these tests, 2 kV peak-to-peak voltage is applied,

with a current peak exceeding 180 A.
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Fig. 8. Main experimental waveforms for a single cell with different bipolar
modulation profiles: single-pulse 10 ps (a) and detail of the positive (b) current pulse.
From top to bottom: inverter branches output voltages v, va (1 kV/div), cell output

voltage vo (1 kV/div), and output current i, (62.5 A/div).

Besides, several pulse train modulations, also known as burst mode, have been tested and
summarized in Fig. 9 for 8 pulses of 10-us (a) and 100-us (b), and 100 pulses of100-us (c).
These results proves the correct operation and the versatility of the proposed platform which

enables new programmable modulations for research in IRE.
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Fig. 9. Main experimental waveforms for a single cell with different bipolar pulse
trains: 8-pulse train 10-us width (a), 8-pulse train 100-us width (b), 100-pulse train
100- ps width. From top to bottom: inverter branches output voltages v4, vs (1 kV/div),
cell output voltage vo (1 kV/div), and output current i, (62.5 A/div).
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Fig. 10 shows the main experimental results for a dual-cell converter able to provide 4 kV
peak to peak voltage pulses with bipolar modulation. This converter has been tested both
with unipolar (a) and bipolar (b) modulation, proving the correct operation of the cascaded
operated cells. Consequently, the proposed platform is proved to be a versatile platform
enabling research on IRE with increased modulation degrees of freedom as well as improved

output current and voltage levels.

. valij.}/i,‘.

I I I L i

(&L 1-0kV/div 1MQ By:20.0M A -jzaov 10.0ps/div 500MS/s 2.0ns/pt

“ 1.0kV/div 1MQ §:20.0M Preview Single Seq l

S 60.0A/div 50Q By:20.0M 0 acqs RL:50.0k

- 2.0kV/div 1MQ §:20.0M Auto 14 abril, 2015 10:21:12
Value Mean Min Max St Dev Count Info

@ vax* 131.3A 131.27811 131.3 131.3 0.0 1.0

- Max 2.04kV 2.0400001k  [2.04k 2.04k 0.0 1.0

@ Rise  [0.0s 0.0 0.0 0.0 0.0 1.0 ] |

@ Fan 0.0 0.0 0.0 0.0 0.0 1.0 ] |

QY Freq 188.0MHz [188.03869M (188.0M 188.0M 0.0 1.0 @_

w Max 120.0V 120.00011 120.0 120.0 0.0 1.0

Fig. 10. Main experimental waveforms for a dual-cell converter with bipolar

modulation. From top to bottom: inverter branches output voltages v4, va (1 kV/div),
cell output voltage vo (1 kV/div), and output current io (62.5 A/div).
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Fig. 11. Main experimental waveforms during an electroporation test using 1

kV/cm and 5-cm square copper electrodes on a plant tissue. From top to bottom: inverter
branches output voltages v4, vs (1 kV/div), cell output voltage vo (1 kV/div), and output
current ip (62.5 A/div).

Finally, Fig. 11 shows an electroporation experiment using 5-cm squared copper electrodes
in a potato load applying 1 kV/cm. This test shows the proper operation of the developed
versatile architecture and opens the door to new and innovative electroporation methods with

improved performance.
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V. CONCLUSIONS

In this paper, a versatile power converter architecture has been presented oriented to
generate high-voltage pulses required for irreversible electroporation. The proposed topology
allows to generate configurable amplitude, polarity and length pulses and pulse trains with
high rise times, enabling research on the influence of electrical impulses in IRE treatments.

The proposed topology has been designed and implemented leading to bipolar generator
up to 4 kV and 150 A. Experimental results prove the feasibility of this proposal and opens

new possibilities of research on cancer treatment using irreversible electroporation.
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