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Abstract

The dissertation provides the research and development of the high-frequency
square wave pulse electroporation system and proposes a topolgy of planar
electroporation electrodes for real-time electroporation applications. An analysis
and applied research of the electrical pulse forming circuits, the electric field
generation technologies and the compensation circuits for high-frequency
transient as well as the electric field distribution of planar electroporation
electrodes are carried out.

The introductory chapter deals with the problem of the thesis, research goals
and newness, describes the research methodology and defended statements.

The first chapter presents the most relevant scientific literature related to the
main subjects of this dissertation. The electroporation phenomena and the
dependence of the cell response on electrical pulses duration and frequency are
presented. The review of submicrosecond and nanosecond electric pulse
generators and high-frequency transient process compensation circuits are also
presented. This Chapter concludes in formulating tasks the dissertation.

The second chapter presents simulation models of the high-voltage, high-
frequency submicrosecond pulsed electric field (nsPEF) generator and planar
electrodes for real-time electroporation. The SPICE model of pulse forming
circuit is developed and the effects of the parasitic circuit elements and transient
processes to the generated electric pulse are investigated. The chapter includes the
potential applications and needs of the planar electrodes for electroporation. The
topology of planar electrodes and its influence on electric field homogeneity are
analysed using finite element method (FEM) in COMSOL Multiphysics
environment.

The third chapter presents the research and development of novel high-
frequency square-wave electroporation system. The developed system can
produce single and bursts deliver adjustable square-wave electric pulses with load
independent pulse fall time. The pulse amplitude, repetition frequency and pulse
duration can be adjusted accordingly up to 3 kV, from 1 Hz to 3.5 MHz and from
100 nsto 1 ms. In this chapter, the system simulation and the experimental results
are compared. The prototype system is successfully tested for the inactivation of
the human pathogen Candida albicans.

The main results of the thesis were published in 6 scientific articles: three —
in scientific journals included in Clarivate Analytics Web of Science database
with impact factor, two — in international conference publications which are
referred by Clarivate Analytics Web of Science database Proceedings, one article
is printed in peer-reviewed scientific journal listed in Index Copernicus database.
The research results were presented in 10 scientific conferences.



Reziume

Disertacijoje patekiamas auk$to daznio staciakampiy impulsy elektroporacijos
sistemos kiirimas ir tyrimas. Pasitlyta planariy elektroporacijos elektrody
topologija realaus laiko elektroporacijos tyrimams. Atlikti elektrinio lauko
generavimo technologijy taikymo, auk$to daZznio pereinamyjy vyksmy
kompensavimo grandiniy ir elektrinio lauko pasiskirstymo planariuose
elektroporacijos elektroduose analiz¢ ir taikomieji tyrimai.

Ivadiniame skyriuje nagrinéjama disertacijos problema, tyrimo tikslai bei
naujumas, apraSoma tyrimy metodologija ir ginamieji teiginiai.

Pirmame skyriuje pateikiama aktualiausios mokslinés literatiiros analizé
disertacijos tema. Pristatomas elektroporacijos reiskinys, Igsteliy reakcijos
priklausomybé nuo skirtingos trukmés ir daznio elektros impulsy. Skyriuje taip
pat pateikiama submikrosekundziy ir nanosekundziy elektros impulsy generatoriy
ir auk$to daznio pereinamyjy vyksmy kompensavimo grandiniy apZvalga.
Skyriaus pabaigoje suformuluojami pagrindiniai darbo uzdaviniai.

Antrame  skyriuje pateiktas aukSto daznio ir aukStos galios
submikrosekundziy impulsy elektroporacijos sistemos ir planariy elektroporacijos
elektrody imitaciniy modeliy sudarymas. Sudaromas impulsy formavimo
grandinés SPICE modelis ir atliekami parazitiniy grandinés elementy bei
pereinamyjy vyksmy jtakos impulsy formai analizé. Skyriuje taip pat
diskutuojamos planariy elektroporacijos elektrody panaudojimo perspektyvos ir
poreikis. Panaudojant COMSOL Multiphysics programinj paketg atlieckamas
planariy elektroporacijos elektrody topologijos ir elektrinio lauko pasiskirstymo
tyrimai taikant baigtiniy elementy metoda.

TreCiajame skyriuje pateikiamas aukSto daznio staciakampiy impulsy
elektroporacijos sistemos sukuirimas ir atlickamas jrangos bandymas. Sukurta
sistema gali generuoti pavienius staciakampius impulsus arba jy serijas, visy
impulsy galinio fronto kritimo trukmés nepriklauso nuo apkrovos varzos. Impulsy
amplitudé, daznis ir impulso trukmé gali buti parenkama atitinkamai nuo 0 kV iki
3kV, nuo 1Hz iki 3,5MHz ir nuo 100 ns iki 1 ms diapazonuose. Skyriuje
jvertinama sistemos imitacinio modelio atitiktis eksperimentiniams rezultatams
bei atliekami sukurtos sistemos in vitro elektroporacijos taikomieji tyrimai su
Candida albicans gryby lastelémis.

Disertacijos tema paskelbti 6 moksliniai straipsniai: trys — recenzuojamuose
mokslo Zzurnaluose, jtrauktuose j Clarivate Analytics Web of Science duomeny
bazg, du tarptautiniy konferencijy medziagose, jtrauktose j Clarivate Analytics
Web of Science ,,Conference Proceedings® duomeny bazg, vienas — mokslo
zurnale, referuojame kitose tarptautinése duomeny bazése. Disertacijoje atlikty
tyrimy rezultatai buvo paskelbti deSimtyje moksliniy konferencijy.
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Notations

Symbols

C —  capacitance, F;

Cr —  parasitic load capacitance, F;

Cs —  snubber circuit capacitance, F;

f —  pulse repetition frequency, Hz;

Io — continuous drain current, A

Iom —  pulsed drain current, A

| — transmission line length, m;

L — inductance, H;

L —  parasitic line inductance, H;

R —  resistance, €;

RbRrn —  driver circuit current limiting resistance, Q;
RLim —  maximum current limiting resistance, Q;
RLoap — load resistance, Q;

Rs —  snubber circuit resistance, Q;

to —  pulse duration, s;

tr —  pulse fall time, s;

tr —  pulserise time, s;

U —  pulse voltage, V;
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Umax
Useries
Umin

pulse maximum voltage, V;

pulse voltage in series delivery, V;
pulse minimum voltage, V;
impedance, Q;

exponential decay time constant.

Abbreviations

AC
BJT

C

D

DC
DNA
DR
FEM
IGBT
L
MOSFET
nsPEF
PCB
PEF

R
RNA
SiC
SPICE
SW

Vv

ZD

viii

alternating current;

bipolar junction transistor;

capacitor;

diode;

direct current;

deoxyribonucleic acid;

switch driver;

finite element method;

insulated-gate bipolar transistor;

inductor;

metal-oxide-semiconductor field-effect transistor;
submicrosecond and nanosecond pulsed electric field;
printed circuit board,;

pulsed electric field,;

resistor;

ribonucleic acid;

silicon carbide;

simulation program with integrated circuit emphasis;
switch;

power supply;

Zener diode.
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Introduction

Problem Formulation

Pulsed electric field (PEF) treatment, also called electroporation, has a growing
interest in various applications. Due to the transdisciplinary nature of the scientific
field, the selection of the PEF parameters is influenced by intended
electroporation applications. For optimal effectiveness, the parameters like pulse
amplitude, duration, electric field strength, pulse repetition frequency, pulse
waveform and number of pulses must be carefully selected.

Most of electroporation protocols are designed for microsecond range
devices, but there is a newly growing scientific interest in research of the high-
power and high-frequency nsPEF due to the primarily non-thermal effects and
ability to target cell internal organelles. In addition, capability to variate the pulse
frequency in wide range offers the possibility to investigate electroporation
effectiveness frequency dependence and develop new type of electroporation
protocols. Lack of the available high-voltage and high-frequency electroporators
is one of the main reasons, why the research and application area of
submicrosecond range electroporation is still poorly addressed.

However, the recent progress of silicon carbide (SiC) MOSFETS has opened
a new opportunity to apply SiC MOSFETs switches in the submicrosecond
electroporation range, where the management of high-voltage pulses of several

1



2 INTRODUCTION

KV range in high frequencies is required. This shortly resulted the new wave of
the advanced MOSFET based nsPEF electroporators with adjustable pulse
parameters. Nevertheless, the generation of higher amplitude pulses in nsPEF
range is still complicated by the occurring oscillations. Thus, nearly 1/3 of newly
developed devices still struggle with the quality of the pulse shape, while the pulse
fall-time in most cases is dependent on the load.

Relevance of the Thesis

In different electroporation applications, the applied electric pulses can have
different waveform and the individual pulse duration can range from several
hundred picoseconds to seconds. Pulse amplitude can vary from several mV to
several kV. The pulse repetition frequency — from Hz to a few GHz. Generation
of such wide spectra of parameters with single electroporation system is not
feasible and the different devices are used in for specific applications.

Among all applications, there is a growing scientific interest in research of
the high-power and high-frequency submicrosecond and nanosecond (nsPEF)
pulses. As a result, there are over 1500 references results on the high-voltage and
high-frequency generators for electroporation in 2019 on Google Scholar. The
number of references is steadily increasing and correlates with researchers’
interest since 1990. Provision of the flexible high-voltage and high-frequency
square-wave electroporation system, covering a wide and the least studied pulse
parameters range, would allow to expend the experimental nsPEF electroporation
research area and investigate of newly proposed concepts. It can be used to reach
a deeper understanding of the individual pore formation process, which will allow
better control and optimization of the electroporation protocols and, thus, the
refinement of the biotechnological and biomedical methods.

Therefore, the results presented in this thesis provide bases for applied
research and contribute to the better coordination of electroporation research
work. The development of the high-frequency square-wave electroporation
system will be used in further investigation of electroporation biomedical
techniques and medical applications.

The Object of Research

The object of the research is high-frequency square-wave electroporation system.
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The Aim of the Thesis

The aim of the thesis is to develop a high-frequency square-wave electroporation
system by researching pulse transient and compensation circuits.

The Tasks of the Thesis

To solve the stated problem and reach the aim of the thesis, the following
objectives are formulated:

1. To develop the simulation model for high-frequency square-wave
electroporation system using by applying the best practices of transient
process compensation and investigate the circuit parasitic elements
influence on the generated pulse shape.

2. To propose the planar electrodes topology for single cell real-time
manipulation and develop a model to investigate the electric field
distribution and homogeneity.

3. To develop the prototype of the submicrosecond electroporation system
and investigate the applicability for in vitro electroporation.

4. To compare the simulation results of a pulse forming circuit with the
obtained experimental results and provide an uncertainty assessment.

Research Methodologyt

The numerical and experimental methods were applied in the development and
application phases. Transient processes were investigated using numerical
methods by application of SPICE model using LTspice program package. The
electric field distribution analysis has been performed using finite element method
provided by the COMSOL Multiphysics software package. A verification of the
numerical results has been performed using experimental comparison and the
statistical evaluation methods.

Scientific Novelty of the Thesis

The aspects of scientific novelty in the field of Electrical and Electronic
Engineering are as follows:
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1. Developed simulation model of submicrosecond electroporation
system suitable for the transient processes and parasitic elements
influence analyses.

2. Proposed planar electrode topology for real-time electroporation
applications and developed simulation model suitable for the electric
field distribution analyses.

3. Proposed control crowbar circuit ensures a load independent pulse fall
time.

4. Developed electroporation system prototype, which can deliver
adjustable square-wave electric pulses with a predefined amplitude (up
to 3 kV), frequency (from 1 Hz to 3.5 MHz), pulse duration (from
100 nsto 1 ms).

Practical Value of the Research Findings

The developed novel submicrosecond high-frequency electroporation system can
generate single and bursts of high-amplitude (up to 3 kV) square-wave electric
pulses of variable duration (from 100 ns to 1 ms) and predefined repetition
frequency (1 Hz to 3.5 MHz). The proposed synchronized controllable crowbar
ensures a constant pulse rise and fall times, wich are independent from the load,
thus highly relevant in electroporation research due to the accurate control of
delivered energy.

The electroporator was successfully applied and tested in interdisciplinary
experiments in Nature Research Centre (Vilnius, Lithuania) for the inactivation
of the human pathogen Candida albicans. The test showed, that the new system
is compatible with standard commercial electroporation cuvettes.

The proposed submicrosecond high-frequency square-wave electroporation
system enables further study of the electroporation phenomenon in the least
investigated electric field frequency and strength range.

The Defended Statements

1. The proposed simulation model of pulse forming circuit is suitable for
transient processes analyses and provides generated electric pulse
parameters results with uncertainty of £21% (95.4% confidence level)
for the submicrosecond pulse range.
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2. The developed high-frequency square-wave electroporation system is
capable to ensure 18 ns pulse fall time, which is independent from the
load.

3. The developed pulse forming circuit ensures a delivery of adjustable
up to 3 kV square-wave electric pulses with a predefined frequency
(1 Hz to 3.5 MHz). The duration of the pulse can be varied in a range
from 100 ns to 1 ms.

4. The proposed topology of the planar electrodes ensures more than
1 kV/cm strength and homogenic of electric field for single cell
electroporation analyses.

Approval of the Research Findings

Research results are published in six scientific articles: three — in scientific
journals included in Clarivate Analytics Web of Science database with impact
factor (Novickij et al. 2016; Butkus, Tolvaisiene 2020; Butkus, Murauskas, et al.

2020),

two — in international conference publications which are referred by

Clarivate Analytics Web of Science database Proceedings (Butkus et al. 2017
Butkus, Tolvaisiene 2020), one article is printed in peer-reviewed scientific
journal listed in Index Copernicus database (Butkus 2018).

Research results on the subject of the thesis have been announced in ten
scientific conferences in Lithuania and abroad:

20th Conference for Junior Researchers “Science — Future of Lithuania.
Electronics and Electrical Engineering”. 2017. Vilnius, Lithuania.

60th international conference for students of physics and natural science
“Open Readings 2017”. 2017. Vilnius, Lithuania.

VGTU Electronics Faculty cycle of seminars. 2017. Vilnius, Lithuania;

5th IEEE Workshop on “Advances in Information, Electronic and
Electrical Engineering (AIEE)”. 2017. Riga, Latvia.

KTU PhD week “What do PhD students do?”. 2018. Kaunas, Lithuania.

Second International Conference “Electrical, Electronic and Information
Sciences — eStream 2018”. 2018. Vilnius, Lithuania.

21th Conference for Junior Researchers “Science — Future of Lithuania.
Electronics and Electrical Engineering”. 2018. Vilnius, Lithuania.

62th international conference for students of physics and natural science
“Open Readings 2019”. 2019. Vilnius, Lithuania.

Third International Conference “Electrical, Electronic and Information
Sciences — eStream 2019”. 2019. Vilnius, Lithuania.
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— 7th IEEE Workshop on “Advances in Information, Electronic and
Electrical Engineering (AIEE)”. 2019. Liepaja, Latvia.

Structure of the Dissertation

The dissertation contains: introduction, three chapters, general conclusions, list of
references with separately presented list of scientific publications by the author
and summary in Lithuanian.

The total scope of dissertation consists of 125 pages, where displayed 40
figures, 8 tables, 1 equation and 209 references are used.
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Pulsed Electric Fields Generation
and Application Review

This Chapter reviews the most relevant scientific literature related to the main
subjects of this dissertation. The electroporation phenomena, frequency response
of cells and effects of the submicrosecond and nanosecond pulsed electric fields
(nsPEF) are introduced. The review of nsPEF generators and transient process
compensation circuits are presented. Different approaches in development and
application of electroporation systems have been observed. This Chapter
concludes in formulating of main objective and tasks of the thesis.

Two scientific publications were published on the section topic (Butkus,
Tolvaisiene 2020; Butkus, Murauskas, et al. 2020).

1.1. Electroporation Phenomena and Applications

High intensity pulsed electric fields (PEF) can trigger increased permeability of
biological cells to exogenous molecules to which the cells were initially
impermeable (Cemazar et al. 2018). PEF polarizes the cell membrane, which
causes reorientation of lipids and formation of pores (Denzi et al. 2015; Dutta

7



8 1. PULSED ELECTRIC FIELDS GENERATION AND APPLICATION REVIEW

etal. 2015), thus increasing molecular transport across the cell membrane
(Bennett et al. 2014; Tsong 1991). In case of reversible electroporation (depends
on pulse parameters), the cell membrane is then resealed (Sundararajan 2009). As
a result, there is a variety of electroporation applications, which include cancer
treatment (Miklav¢ic et al. 2014), gene delivery (Shi et al. 2018), food processing
(Sitzmann et al. 2016), biorefinery (Golberg et al. 2016) and many other (Yarmush
et al. 2014; Wagstaff et al. 2016). In each case, various PEF parameters are
required, which establishes a challenge in generator design in terms of
universality. The straightforward distribution of applications in the pulse
amplitude—duration space is summarized in Figure 1.1 (Venslauskas et al. 2015;
Miklavcic et al. 2017; Rebersek et al. 2010; Batista et al. 2016; Buchmann et al.
2019; Kotnik et al. 2019; Chopinet et al. 2013).

MV/cm
<
W
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Fig. 1.1. Generalized representation of pulse parameters for different electroporation
applications (Butkus, Murauskas, et al. 2020)

From figure above, it can be seen that the majority of applications lie in the
micro-millisecond range. Indeed, the range of longer but lower amplitude pulses
dominated the field for decades, however, in the recent years the number of works
focusing shorter (submicrosecond and nanosecond) pulses increased significantly.
The reason lies in the limitations of conventional microsecond range
methodologies such as bioimpedance-dependent field distribution (Neal et al.
2012), Joule heating (Garcia et al. 2011), muscle contractions (Mi, Xu, et al.
2018), electrical breakdown (Guenther et al. 2015) and oxidative stress (Rodaite-
Riseviciene et al. 2014). Nanosecond pulses cannot solve all the problems
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completely, however, in many cases the negative factors are diminished.
However, state-of-art pulsed power electronics are required for generators to form
pulses up to tens of kV and hundreds of amperes in the nanosecond range.
Therefore, the price and engineering complexity of such generators is high,
nevertheless, the trends in applications of nanosecond PEF make it viable
(Figure 1.2).
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Fig. 1.2. The trends in the number of publications on the topics of nanosecond
electroporation according to Clarivate Analytics Web of Science (2020-05-25)
(Butkus, Murauskas, et al. 2020)

As it can be seen in Figure 1.2, there is a definitive rise in publications in the
last decade, which partially is a consequence of better availability of pulse forming
switches on the market. Development of laboratory grade generators for
electroporation has intensified with the development of better semiconductors
(i.e., silicon-carbide technology) (Das et al. 2012). Nevertheless, the number of
papers focusing nanosecond pulse generators for electroporation is still low. A
similar trend is observed in the frontier of short microsecond or sub-microsecond
pulses using high frequency bursts (Figure 1.3), which possibly is a natural
transition step from long micro-millisecond to the nanosecond range.
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Fig. 1.3. The trends in the number of publications on the topics of high frequency

electroporation according to Clarivate Analytics Web of Science
(2020-05-25)(Butkus, Murauskas, et al. 2020)

Independently on the selected pulse range or electroporation application, for
the optimal effectiveness of the treatment, not only the pulse amplitude and
duration, but also other parameters like repetition frequency, waveform and
number of pulses must be carefully selected. As a result, universality of
electroporators is important when study of new phenomena and biological effects
of PEF are established. Therefore, before selecting or developing any new
electroporation system (also often called electroporator), all the required pulse
parameters must be known in advance for desired applications, which in case of
electroporation research is not trivial.

1.2. State of Art Requirements for Pulse Forming
To develop a flexible pulsed power device for electroporation of biological cells,

the required parameters for the output electric pulse must be determined. Due to
the transdisciplinary nature of the scientific field, the selection of the parameters
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is influenced by biological processes that are induced in biological objects in high
electric fields. Therefore, the pulse waveform amplitude, duration, repetition
frequency and other output pulse parameters must be carefully selected in terms
of their intended applicability in the experiments.

1.2.1. Waveform

There can be many pulse waveforms applied for the electroporation technique:
square (rectangular), exponential decay and Gaussian or bell-shaped as
represented in Figure 1.4. These pulses are monopolar, but the bipolar pulse
configuration can be used as well.

%
Umax - Umn‘:

UQU%

U]O%
“r t Tt t
a) b) c)
Fig. 1.4. Pulse waveforms: a) Exponential decay pulse, where 7 is the exponential
decay time constant; b) Gaussian or bell-shaped pulse tg and tr is pulse rise and fall
time accordingly measured between 10% and 90% of the pulse amplitude; c¢) square

(rectangular) wave pulse, where tp is pulse duration, measured at 50% of the pulse
amplitude

It is essential to well define the pulse shapes and polarity as it is known to
have an effect on the cellular response (Kotnik et al. 2003; Miklavcic et al. 2010).
For instance, the pulse amplitude, rise-time and fall time of the bell-shaped
voltage pulse are important and are recommended to be clearly specified
(Cemazar et al. 2018). There are also several studies performed, which suggests,
that the square-wave and exponential decay pulses have higher efficiency in
comparison with other type of pulses (Chicaybam et al. 2017; Miklavcic et al.
2010).

For research activities, next to the application efficiency, it is necessary to
control the experiment and precisely estimate the impact of the pulse to the
biological load. In comparison with square-wave pulse, the exponentially
decaying pulse (Figure 1.4) is more difficult to describe, because the exponential
decay time constant is dependent on the impedance of a biological load, which is
often unknown precisely, varies from sample to sample and is also dependent on
the pulse delivery frequency (ReberSek et al. 2014; Bhonsle et al. 2018).
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Moreover, the precise impedance of the biological load is often unknown. In some
cases, to limit the exponential pulse decay dependence on the load impedance, the
resistor could be connected in parallel to the load. However, it will reduce the
overall efficiency of energy delivery to the biological load, since most of the
energy would be disputed on the resistor instead. Furthermore, for higher range of
experimental applications, the pulse shape should provide independency between
the pulse amplitude and length. This is not achievable with exponentially decaying
pulse with the same time constant, but different amplitude. As a result, the square-
wave pulses are more common in the electroporation research applications.

The parameters characterizing the square-wave pulse are presented in
Figure 1.5. Similar to the exponentially decaying pulse, the square-wave pulse fall
time is also often dependent on the biological load impedance. However, in this
case it can be solved with the pulse forming circuit design and proper application
of transient process compensation circuits (e.g. with controlled crowbar circuits
(Stankevic et al. 2020)).
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Fig. 1.5. The parameters characterizing the square-wave pulse

To sum up, the square-wave pulses are more practical to use in industrial or
research activities, because it is more trivial to estimate impact of the pulse to the
biological load and to control the experiment or application. Further in this work,
more attention will be given to the application and development of square-wave
pulses.

1.2.2. Pulse Duration

For electroporation application an individual duration of square-wave pulses is
reported in range from approximately picoseconds to milliseconds. The
submicrosecond (from picosecond to nanosecond) pulsed electric fields (nsPEF)
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pulses are used to induce electroporation of an intracellular organelle while the
integrity of plasma membrane in a biological cell remains intact (Semenov et al.
2015; Semenov et al. 2016; Mao et al. 2018; Pirc et al. 2019; Tang et al. 2020),
while longer pulse up to milliseconds are used to enhance the transfer of large
charged molecules (proteins, DNA, RNA) into the cells (Kulbacka et al. 2016;
Cervia et al. 2018; Kaséta et al. 2020).

Although, more than two decades have passed since the first experimental in
vitro study was reported with nsPEF pulses (Schoenbach et al. 1997), the nsPEF
effects are still poorly studied, not entirely understood and uncommercialized
(Pirc et al. 2019; Chalovich et al. 2012). One of the main obstacle for nsPEF
application is the required complex experimental infrastructure (Novickij,
Svedieng, et al. 2017). Indeed, due to very short pulses durations and required
integrated with the high-voltages, it is not a trivial task to design and build a
compact and successfully functioning nsPEF electroporation system, which could
ensure high-quality pulse with minimum oscillations and reflections in the
waveform (Pirc et al. 2019). As a result, most of electroporation clinical and
experimental applications as well as commercially available electroporation
systems are dominated with the use of pulse duration from tens of ps to tens of ms
range, while the nsPEF is poorly covered.

To sum up, the individual pulse duration varies for different electroporation
type in range from subnanoseconds to milliseconds. The different phenomena can
be researched by applying differ duration pulses. The capability of pulse generator
to produce pulses in a wide pulse duration range is important for wider research
application range and higher flexibility. However, the conceptual PEF generators
design for micro- and milli- second pulses differ from the ones design to deliver
submicrosecond pulses. For this reason, some specific pulse duration range must
be selected, which could cover the current gaps of electroporation research.

1.2.3. Number of Pulses and Repetition Frequency

In most cases, the series of pulses are applied for electroporation application. For
instance, in almost all the electrochemotherapy treatments, eight pulses are
applied instead of one (Silve et al. 2014). As another example, it has been
demonstrated, that in case of irreversible electroporation, the transmembrane
voltage threshold for a single 1 us long pulse is 2.1 times higher in comparison
with the bursts of 100 us long pulses (Sano et al. 2015; Scuderi et al. 2019). In
addition, number of studies have confirmed, that the effects of electroporation are
not only depended on the number of pulses applied, but in general the
electroporation is a frequency-dependent phenomena (Silve et al. 2014; Sano
et al. 2014; Garcia-Sanchez et al. 2018; Bhonsle et al. 2018; Novickij, Ruzgys,
Grainys, et al. 2018; De Angelis et al. 2019). This dependence could be used to
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increase the treatment efficiency as some additional studies, have suggested that
high-frequency fields ranging from 500 kHz to 1 MHz are best suited to penetrate
epithelial layers, since only a minor Joule heating is induced (Novickij, Ruzgys,
Grainys, et al. 2018; Arena et al. 2011).

While some studies had proposed numerical methods to compare the
permeability induced by the high-frequency monopolar and bipolar bursts of
electrical pulses (Sweeney et al. 2016; Chiapperino et al. 2020), in general
researchers notice that the available experimental contributions dealing with high-
frequency electroporation (>0.5 MHz pulse repetition frequency range) are
focusing mainly on the bipolar pulsing protocols, presumably due to the
technological challenges of generating high-power and high-voltage monopolar
MHz pulse repetition frequency (Novickij, Ruzgys, Grainys, et al. 2018). The
coverage of research on the influence of pulse repetition frequency during
monopolar electroporation is limited to the kHz range (Nesin et al. 2011; Lamberti
et al. 2015; Steelman et al. 2016). The need for electroporation research at the
MHz pulse repetition frequency range is still identified (Novickij, Ruzgys,
Grainys, et al. 2018; Zou et al. 2015).

In fact, the researchers have suggested, that the high-frequency pulse burst
can reach the threshold pulse repetition frequency, which supposed to be unique
for each cell type and electroporation medium, since the induced transmembrane
voltage relaxation (discharge) duration will be higher than the delay time between
the pulses (Novickij, Ruzgys, Grainys, et al. 2018). In some previous studies, this
electroporation saturation phenomenon was name cell sensitization and de-
sensitization (Silve et al. 2014; Dermol et al. 2016; Muratori et al. 2016). More
recent studies have investigated the relation between pulse number and the
observed outcomes, which is complex and difficult to fully characterize. It was
observed that the increased number of pulses always evolves to a saturation or at
least a reduction in the electric field effects (Garcia-Sanchez et al. 2019). These
developments indicate the promising future for high-frequency (>0.5 MHz)
electroporation systems. The new devices must be able to electroporation
frequency manipulation, which is expected to lead to the more effective
applications and achieve specific aims in electroporation protocols (Novickij,
Ruzgys, Grainys, et al. 2018).

Following this overview results, it is indicative that the new system should
be capable to produce unipolar pulses with wide range of frequency. There is a
demand for the electroporation systems capable to cover the high-frequency range
from 0.5 kHz to 1 MHz with adaptable number of repeated pulses. This capability
can reflect the latest findings of the electroporation studies and contribute to
further research of frequency dependence of electroporation phenomena.
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1.2.4. Pulse Amplitude and Electric Field Strength

The electric field parameters depend on the geometry of the experimental system
and on the heterogeneity of the sample (tissue or cell density) in terms of
conductivity and permittivity (Cemazar et al. 2018). In general, the electric field
strength for PEF applications ranges approximately from 0.1 kV/cm up to
100 kV/cm.

In the micro—millisecond range the electric field strength from 0.1 kV/cm to
10 kV/cm is sufficient for transfection (Kotnik et al. 2000; Buchmann et al. 2019).
However, the usage of nsPEF requires the application of even higher electric field
strength (up to 100 kV/cm) since the amplification of the external electric field in
the cell membrane is frequency dependent and decreases in the sub-megahertz
range (Kotnik et al. 2000; Zou et al. 2015; Silve et al. 2014; Novickij, Ruzgys,
Grainys, et al. 2018). This indicates, that in case nsPEF pulses are used to trigger
the induced transmembrane voltage, the applied voltage (using the same setup)
could be hundreds times higher compared to conventional micro-millisecond
protocols (Novickij, Ruzgys, Grainys, et al. 2018).

However, some studies also suggest, that the higher pulse repetition
frequency (kHz range) might result the decrease of the electroporation efficiency
(Steelman et al. 2016; Sersa et al. 2010). On the other hand, the generated Joule
heating by the shorter length pulses increases the temperature only by few degrees
and does not by itself cause hyperthermia effects (Chalovich et al. 2006) or create
significant poration (Chalovich et al. 2012). As a result, the most efficient electric
field strength selection depends on other pulse parameters, the biological cell
parameters and the protocols applied.

It was already indicated above, that the new electroporation system is
intended to be applied for the in vitro electroporation research. The in vitro
electroporation of organelles, bacteria or yeasts require even higher voltage
(Rebersek et al. 2011) than in comparison during in vivo research. For instance, a
well-established protocol for the in vitro electroporation of the mammalian cells
is to use a burst of microsecond pulses (e.g. 8 pulses of 100 us duration) in the
kV/cm PEF range (Gowrishankar et al. 2006; Moisescu et al. 2013; Son et al.
2016). To generate such the electric field intensity, high pulse voltage amplitude
is required if standard 1 mm electroporation cuvettes are used. The electric field
homogeneity is also an important factor. In case new type of electrodes are
applied, it is additionally recommended to evaluate the electric field distribution
via numerical modelling (Cemazar et al. 2018).

To sum up, the design electroporation systems must be compatible with
standard 1 mm electroporation cuvettes. The pulse amplitude must be adjustable
and able to reach few kV, which would ensure the sufficient (tens of kV/cm)
electric field strength.
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1.2.5. Result of the State of Art Requirements for Pulse
Forming

Due to the transdisciplinary nature of the scientific field, the selection of the PEF
parameters is influenced by intended electroporation applications. In this section,
the summary of PEF parameters is provided and presented in Table 1.1, which is
based on the state of art analyses of electroporation applications described above.

Table 1.1. The summary of the state of art requirements for pulse forming

Pulse parameter Scientific demand

Pulse waveform

Square-wave

Pulse duration

From ns to ms

Pulses repetition frequency

From Hz to MHz

Number of pulses

From single to hundred

Electric field strength

Tens of kV/cm

Pulse amplitude

Adjustable and up to few kV

For the electroporation scientific research, it is essential to have good control
of the pulse energy, which is ensured if the square-wave pulse is used. The device
must be capable of generating repeated electrical pulses of identical form
independent of the load type, which is relevant in electroporation experiments.

The most of electroporation protocols are designed for microsecond range
devices, while there is a scientific interest in research of the high-power and high-
frequency nsPEF pulses due to the primarily non-thermal effects and ability to
target cell internal organelles. Therefore, to be able to cover most of the
electroporation applications as well as to support the demand of the
electroporation research, this work will focus on the develop of the high-
frequency electroporation system, which can generate single and burst of PEF
pulses of variable duration from microseconds to submicroseconds (nsPEF). This
range of PEF pulse duration would ensure that the device is flexible and therefore
applicable in a wide area of the experimental applications.

The efficiency of electroporation application can be dependent on the pulse
frequency. To be able to investigate the electroporation frequency dependence and
propose new electroporation protocols, the device should be capable of altering
the pulse frequency over an extensive range. Thus, it was decided that the PEF
frequency range must be adjustable from Hz to MHz range.

The high-frequency pulse burst can reach the threshold pulse repetition
frequency, which supposed to be unique for each cell type and electroporation
medium, since the induced transmembrane voltage relaxation (discharge) duration
will be higher than the delay time between the pulses (Novickij, Ruzgys, Grainys,
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et al. 2018). Hence, the designed system should be able to produce single as well
as a wide range of burst pulse (up to hundred). This capability can reflect the latest
findings of the electroporation studies and contribute to further research in this
area.

The selection of a short pulse duration means, that the trade-off with the PEF
amplitude must be made (Schoenbach et al. 2015; Rems et al. 2016; Legucbe et al.
2014). A short pulse duration (in range of nsPEF) increases the required electric
field strength needed to reach the transmembrane voltage threshold due to the
amount of energy involved. Consequently, the application of submicrosecond
pulses requires an electric field strength of at least tens of kV/cm. In the case
wherein standard 1 mm electroporation cuvettes are planned to be used. As a
result, a high-voltage power supply (in the range of at least 2-3 kV) should be
applied to reach a sufficient electric field strength described before. However, as
the overall aim of a variable and controllable PEF typically remains. Due to this,
the pulse forming circuit should be able to deliver adjustable power PEF pulses
with a voltage level ranging from up to few kV.

The described requirements impose additional consideration for the current
control. The usual biological loads vary from 50 Q to 500 Q during experimental
applications. In case of the maximum amplitude of high-voltage pulses, the pulsed
electric current might reach tens of amperes. The device must be able to withstand
high currents. However, other than nsPEF applications, the high-energy pulses are
rarely used, because of the Joule heating, which takes place due to the high current
flow and negatively impact the electroporation process (Pliquett et al. 2014).

1.3. The Principle Circuits for Pulse Generators

For electroporation research it is essential to have a pulse generator suitable to
deliver controllable energy to biological tissue via application of repetitive
electrical pulses with the predefined pulse waveform, voltage amplitude and pulse
widths. The pulse forming circuits of the electroporator can be based on relatively
simple circuits, which are discussed in the following works (Rebersek et al. 2014;
Puc et al. 2004; Bernal et al. 2015; Redondo 2017; Pirc et al. 2017; Schoenbach
et al. 2010; Rebersek et al. 2011; Behrend et al. 2003; Rebersek et al. 2010; Lucia
et al. 2019) and summarized in this section. The energy delivery can be provided
by capacitor, inductor or transmission lines with the control of the switching
element. These circuits can be enhanced by the application of modular approach,
application of transformers, diodes or even by merging two concepts into a hybrid
one. In this section, the common designs of pulse forming circuits used for
electroporation application are presented and discussed.
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1.3.1. Capacitor Discharge Pulse Generator

A direct capacitor discharge pulse forming circuit concept is one of the most
common, simple and oldest concepts for PEF pulse forming (Schmitt et al. 2019;
Rebersek et al. 2010). It is based on the transfer of energy stored in the capacitors
into the load throughout well-defined voltage pulses. The pulse delivery is
normally controlled with a semiconductor switch. Depending on the switch type
or driving mode, the waveform is either square (using metal-oxide—
semiconductor field-effect transistors (MOSFETS) and insulated-gate bipolar
transistors (IGBTs) (Rubin et al. 2019)) or exponential decay wave (older concept
typically used with thyristors (Ping et al. 2003)). In case of exponential decay
pulses, the duration of the pulse (decay time) is defined by RC parameters of the
discharge circuit, while in the case of square-wave pulses the parameters are
mostly limited by the switch capabilities and the discharge capacitor value. The
principle pulse forming circuit of capacitor discharge pulse generator is
represented in Figure 1.6.
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Fig. 1.6. The principle circuit of a direct capacitor discharge pulse generator (Butkus,
Murauskas, et al. 2020)

As it can be seen in Figure 1.6, the capacitor discharge pulse generator is
composed of a variable high-voltage power supply V, a discharge capacitor C, a
switch SW and optionally a resistor R. The direct capacitor discharge circuit
topology benefits from a simple and inexpensive design (Rebersek et al. 2011;
Schmitt et al. 2019). However, to ensure the square-wave delivery and limiting
the pulse amplitude droop, a high capacity (uF to mF range) capacitor bank is
required and the switch must withstand the full voltage amplitude. It limits the
selection of available switches in case of high-voltage builds. In such a case,
several series switches must be used, which results in increased complexity of the
generator due to challenges in switch synchronization.
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To overcome the limitations of the direct capacitor discharge concept, a more
complex modular circuit topology can be used (A. A. Elserougi et al. 2016). It
provides voltage distribution between several switches and gives additional
flexibility for the output pulse shape and amplitude. A simple example of a
modular structure is presented in Figure 1.7.
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Fig. 1.7. The principle circuit of modular direct capacitor discharge pulse generator
(Butkus, Murauskas, et al. 2020)

The modular direct capacitor discharge pulse forming circuit includes several
galvanically isolated high-voltage power supplies Vi, Va, ..., V.. Each is
controlled individually and can be set to a different amplitude. The voltages of the
individual circuits contribute to the generation of a single output pulse at any time.
The output voltage will be the sum of the voltages from separate stages, so
adjusting the output voltage is possible. However, many stages are required to
have enough output voltage levels, which consequently increases the cost of the
device (Redondo 2017; Rebersek et al. 2011).

Other popular design of modular direct capacitor discharge pulse forming
circuits is a Marx generator topology, which is an example of a modular circuit,
however, due to high applicability is often separated as an independent circuit
topology. Originally it was developed to test power grid high-voltage components
and provide a capability to produce high-voltage pulses using a low-voltage DC
supply. This circuit topology has been adopted for PEF generation and widely
used in electroporation applications (Elgenedy et al. 2019; Sack 2017). The
simplified circuit is represented in Figure 1.8.
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Fig. 1.8. The circuit of pulse generator based on Marx circuit topology (Butkus,
Murauskas, et al. 2020)

As it is seen from the figure above, the full Marx circuit topology is based on
separate stages/cells, where each stage has an energy storing capacitor C, two
resistors R and a switch SW. The stages are charged in parallel from a direct
current power supply V and subsequently connected in series with a load when
the switches are triggered. In case of spark gaps the capacitors are fully discharged
(decaying pulse), however the current and voltage flexibilities are high. For such
a design, the pulse repetition rates are frequently in the order of several Hz, but
the total charging voltage can reach tens or even hundreds of kV (Camp et al.
2008; Foshee et al. 2007; Hahn et al. 2001). The voltage levels between 50 and
100 kV are most commonly used in industrial application (Sack et al. 2010; Sack,
Mueller 2017). In case when the semiconductor switches are used, a partial
discharge of the capacitors can be achieved. The output voltages are frequently
determined by the switch breakdown voltage and the number of stages, however,
devices in the range of 1-6 kV are common (Muratori et al. 2016; Sack 2017;
Redondo 2017).

In case the bipolar pulses are required to optimize the electroporation
applications (e.g., food products treatment) (Wandel et al. 2016; Kurcevskis et al.
2020), the direct capacitor discharge pulse generator concept can be enhanced
with half-bridge or full-bridge circuit (Cronjé et al. 2013) as presented in
Figure 1.9.

In both cases the generator can produce positive and/or negative high-voltage
pulses. However, the half bridge circuit topology has limitations in operation with
capacitive-type of loads, hence full-bridge concept is more common. The increase
of the number of the switches in a full-bridge concept brings additional
operational flexibility similarly to the direct capacitor discharge circuit topology.
Moreover, to enhance the pulse control and scalability several half-bridge or full-
bridge pulse forming circuits can be stacked in a modular approach (Abdelsalam
et al. 2017; Elgenedy et al. 2019; A. Elserougi et al. 2016). Additionally, Marx
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generators can be arranged in a bridge configuration to enable the generation of
bipolar pulses (Dong et al. 2017; Sack 2017; Elgenedy et al. 2019).
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Fig. 1.9. The conceptual circuits of direct capacitor discharge pulse generators:
a) bipolar half-bridge; b) full-bridge (Butkus, Murauskas, et al. 2020)

Nevertheless, independently on the topologies described above the capacitor
discharge circuits are limited by switching dynamics of semiconductor devices,
thus the minimal pulse durations are typically in the sub-microsecond range. In
order to form shorter pulses (i.e., less than 100 ns) other electroporator topologies
are required.

1.3.2. Pulse Forming Circuit Topology Based on Transmission
Lines

The other group of pulse forming circuits is based on the charge and discharge of
the transmission lines. This is a common type of circuit topology for generation
of high-voltage pulses with less than 100 ns duration (Redondo 2017; Deshpande
et al. 2019). As illustrated in Figure 1.10, the pulse forming circuit is composed
of coaxial cable, which is used as a conductor of length | and charged through a
resistor R to a voltage V. The transmission line discharge and pulse forming are
controlled by the switch SW.

In order to form square-wave pulses the impedance of the load must match
the characteristic impedance of the transmission line. However, load matching
requirement by design limits the generator’s compatibility with dynamic loads
since the impedance of the transmission line is dependent on the parameters of the
cable. The pulse amplitude of a single transmission line generator is limited to the
half of the power supply voltage, while two or more lines must be used to match
the pulse amplitude voltage to the power supply voltage (Figure 1.11).
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Fig. 1.10. The conceptual circuit of a transmission line pulse generator (Butkus,
Murauskas, et al. 2020)

This type of configuration is known as a Blumlein transmission line pulse
generator. Blumlein pulse generator is one of the most popular designs for the
generation of square-wave high-voltage nsPEF pulses (Mi, Zhang, et al. 2016; Mi,
Wan, et al. 2016; Mi et al. 2017). The generator is based on the two transmission
lines of identical length |. Both transmission lines are electrically connected at one
end to a load and discharged by closing the switch. If the load is mismatched (i.e.,
the load resistance is larger or smaller than the transmission line impedance),
reflections of the voltage step at the load and at the open end of the transmission
line will lead to a strain of consecutive decaying pulses (Romeo et al. 2013; Kolb
et al. 2006; Schoenbach et al. 2010). Hence, to generate square-wave pulse
without any pulse reflections, the impedance of the load must be twice the
impedance of the transmission line. This is not always an easy task to achieve,
since the electrical impedance of biological tissue is often unknown, can vary from
sample to sample and can be even dynamic during the pulse delivery (Warindi
et al. 2017; Rebersek et al. 2011).

The control of pulse duration in a Blumlein circuit is non-flexible. It is
defined by the length of the transmission line and the dielectric between the
conductors, while the switch-off time determines the rise time of the generated
voltage pulse. When the switch is closed, a voltage pulse is generated across the
load for the time it takes the voltage step to propagate along the transmission line
(Schoenbach et al. 2010). The switching element must withstand full high-
voltage, which can be a challenge. On the other hand, in case of a spark gap switch,
the output amplitudes can reach tens or hundreds of kV and a few kKA.
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—

Fig. 1.11. The conceptual circuit of a Blumlein pulse generator (Butkus, Murauskas,
et al. 2020)

Lastly, the Blumlein generators are large dimension devices and have high
demands for the electrical components. The usual concepts have a relatively short
lifetime and operate in low repetition rate, while a square-wave pulse is typically
delivered with a jitter (Romeo et al. 2013; Rebersek et al. 2011). However, with
the latest modifications, Blumlein generators can now generate also a high-
frequency (range of up to few MHz) output pulses with variable duration,
amplitude and even polarity (Mi, Zhang, et al. 2016; Rebersek et al. 2009; Romeo
et al. 2013; Rebersek et al. 2011).

1.3.3. The Inductive Energy Discharge Pulse Generators

The third group of pulse generators is based on inductive energy discharge
circuits, which transfer energy stored in the magnetic fields of coils into well-
defined voltage pulses. The circuit concept is shown Figure 1.12.

The generator uses an AC power supply, a low voltage capacitor bank C for
a primary electric energy storage and an inductor for secondary magnetic energy
storage. When the switch SW1 is closed, the electric energy is discharged from
the capacitor bank C into the inductor L. Hence, during the first quarter period of
the sinusoidal AC-current, the magnetic energy stored in the inductor increases
and the electric energy stored in the capacitor bank decreases. At the peak of
sinusoidal current, the magnetic energy stored in the inductor reaches its
maximum. At this point, the opening switch SW?2 is activated and the current is
abruptly interrupted influencing high rate of change of the magnetic flux (dB/dt).
Such a transient process induces voltage in the inductor, which is further
discharged by a spark gap through the load (Lindblom 2006).
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SwW, L Spark gap
" oYY Y D G

Fig. 1.12. The conceptual circuit of an inductive energy discharge pulse generator
(Butkus, Murauskas, et al. 2020)

The inductive energy discharge pulse generator has many drawbacks and is
not used for electroporation research. Instead, improved circuits are applied (i.e.,
the diode opening switch (DOS) circuit topology). This is a commonly used
concept for generation of high voltage (several kV) pulses in the nsPEF range
(Pirc et al. 2019). The diode opening switch circuit is presented in Figure 1.13.

— 1

v [
() o

Cuvette

Fig. 1.13. The conceptual circuit of a diode opening switch generator (Butkus,
Murauskas, et al. 2020)

The DOS circuit is based on the DC voltage power supply V, which charges
the capacitor bank C1 through the resistor R. When the capacitor is fully charged,
the switch SW is closed and the energy in the capacitor C1 starts circulating in the
resonant network (C1, C2, L1 and L2). After completing half of the period, the
resonant network starts pumping the current through the diodes in the reverse
direction. Ideally, the diode abruptly stops conducting and commutates the L2
current into the load. Therefore, this type of circuit is based on the saved energy
transfer from inductor L2 to the load with a good repeatability (Pirc et al. 2019).
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Beside the application of diodes, it is also common that the inductive energy
discharge pulse generator can be improved with the step-up pulse transformer. In
this case the amplitude of the voltage pulse did not affect the opening switch
(Redondo 2017). A simplified transformer-based pulse forming circuit is
presented in Figure 1.14. The generator produces positive voltage pulses in the

load.
L, L,
ZD
\'
Q\J) Dl ==CP RLOAD

SwW'
\ Cuvette

A4 A4

Fig. 1.14. The conceptual circuit of a transformers based pulse generator (Butkus,
Murauskas, et al. 2020)

AVAY

Despite the advantages, the transformer-based pulse generator also has
several issues, like core saturation, reset time after pulse delivery and more often
the distorted pulse shape because of higher effects of the parasitic circuit elements.
All these issues must be considered during the design of the pulse forming circuit
(Redondo 2017). On the other hand, the transformer based circuit topology can be
combined with the modular approach discussed before providing additional
flexibility and pulse control (Darwish et al. 2019). This topology, and all others
discussed before, can also be coupled with half-bridge and full-bridge circuits to
enable bipolar pulse generation.

1.3.4. Summary of Conceptual Pulse Generators

The presented concepts of pulse generators demonstrate the diversity of
techniques used for high-voltage pulse generation suitable for electroporation
applications. All the techniques are summarized in the Figure 1.15.

As it can be seen from the Figure 1.15, following the principle used for the
energy storage, the pulse generators discussed above can be divided into three
groups: direct capacitors discharge, transmission line discharge and inductive
storage discharge. Each has advantages and disadvantages (Rebersek et al. 2010;
Bernal et al. 2015; Redondo 2017; Rebersek et al. 2011; Davies et al. 2019), which
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are summarized in the Table 1.2. It is also common, to use hybrid concepts, which
would result the better performance of these devices and would allow to overcome
the limitations imposed by a single concept.

— Unipolar Generator

— Modular Generator

Direct Capacitor
Discharge

— Marx Generator

|| Bipolar Pulse Generator
(half or full-bridge)

Hybrid Generator

Generator Generator

Generation

_# Transmission Line Pulse Blumlein Pulse

Resonant Circuit
Generator

Concepts of Electroporation Pulse

Diode Opening Switch
Generator

— Inductive Storage

Transformer Based
Generator

Fig. 1.15. The conceptual diversity of pulse generators for electroporation
applications (Butkus, Murauskas, et al. 2020)

There is high diversity of techniques used for the development of the PEF
generators for electroporation applications. Some are well commercialized and a
first comprehensive list of commercially available electroporators has been
collected in 2004 (Puc et al. 2004), which was later updated in 2010 (Rebersek
et al. 2010) and in 2017 (Pirc et al. 2017). It can be seen, that commercial approach
had followed the most common demands of electroporation application. As a
result, most of commercial electroporators were developed with the pulse
amplitude up to few kV and duration from tens of us to seconds. In comparison,
the selection of commercial high-voltage nanosecond or submicroseconds Pulsed
Electric Field (nsPEF) electroporators is significantly lower (Pirc et al. 2017).
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Table 1.2. The comparison between conceptual pulse generators for electroporation
applications (Butkus, Murauskas, et al. 2020)

Easy to achieve high currents;
Can operate in high frequency range.

Concept Advantage Disadvantage
Simple and inexpensive construction | High-voltage supply required;
for systems up to 1 kV; Amplitude droop during the pulse;
= | Very flexible pulse shape control in | High capacity capacitor banks are required
g | the sub-microsecond-millisecond | for square-wave delivery into high loads;
= | £ | range; Switch must withstand full voltage
< | - | can operate in a high frequency | amplitude or complex synchronization
B8 range. circuits are required;
= Not yet suitable for sub-100 ns pulses.
é Positive and/or negative high-voltage | Switch synchronization is needed;
. — | pulses; Complex control systems;
% % Highest pulse forming flexibility; Limited voltage handling capability;
=3 g‘ Capability to use asymmetrical | Not suitable for sub-100 ns pulses.
S pulses;
g Wider application capabilities.
-‘D: Applicable with low voltage switches | Limited amplitude resolution;
5 and voltage supplies; Complex control system;
= Wide flexibility of pulse parameters; | Switch synchronization is needed;
§ Arbitrary signal shape; Not suitable for sub-100 ns pulses.

Marx
Generator

Applicable with low voltage switches
and voltage supplies;

High voltages up to hundreds of kV;
High currents;

Can generate sub-100 ns pulses.

Bulky structure;

Voltage droop is common when high loads
are used;

Limited high frequency capability;
Electrode degradation in case of spark-gaps.

@ Simple design; Load impedance matching requirement;
= Commonly used for short pulse | Pulse width inflexibility (limited to
& E generation (sub-100 ns); transmission line);
8| € High-voltages and currents; Relatively short lifetime;
£ % Can be used for bipolar pulses Most of the usual concepts operate in low
s repetition rate;
= Big dimensions of the generator.
= High energy density pulsing can be | Not applicable for electroporation directly;
g 3 ensured. Parasitic parameters affect the waveform,
2 5 Switch synchronization is needed,;
& Complex control system.
g = High energy density; Complicated design;
g s Accessible electrical components; Low output power;
&H S-g Variable load impedance; Switch synchronization is needed;
2| o (% Commonly used for short pulse | Complex control system;
§ B generation (sub-100 ns); Complex switching and poor control of pulse
B ) Fast repetition frequency. durations.
- E High pulse amplitude; Transient processes have higher effects on
52 | Applicable with low voltage switches; | Pulse waveform;
5 § Flexible pulse amplitude. Core saturation and reset after pulse.
@
'_
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Also, it is common, that the commercial devices have limited range of
available pulse durations and repetition frequencies, thus limiting device
application flexibility. This is one of the main reasons, why the commercial
electroporators are also not perfectly suited for electroporation research
applications, where a wide parameters selection is desired. To sum up, the there
is a growing scientific demand for submicrosecond and high-frequency
electroporators, which can, but are not limited, to deliver submicrosecond range
adjustable energy pulses. To cover the demand, the researchers develop in-house
electroporators (Pirc et al. 2019; Elgenedy et al. 2019; Sack 2017; A. Elserougi
etal. 2016; Stankevic et al. 2020). While the up to date review of commercial
available PEF generators is available (Pirc et al. 2017), there is only one (at our
knowledge) extensive overview of in-house built submicrosecond and
nanosecond and high-frequency electroporators (Butkus, Murauskas, et al. 2020).
Currently, the works are mainly focused on the review of the general topologies
used for generator design (Bernal et al. 2015; Elgenedy et al. 2018; Xiao et al.
2018; Butkus, Tolvaisiene 2020; Rebersek et al. 2011; Redondo 2017; Elgenedy
et al. 2019; Behrend et al. 2003; Lucia et al. 2019).

Further, the in-house built nsPEF generators were analysed and classified
based on the switching type. The review focused only on nsPEF pulse generators,
which were reported specifically for the application in the field of electroporation.
We have included only the references where the reported duration of the pulse is
in the sub-microsecond range (below 1 ps). In total 63 nsPEF generators for
electroporation matched the requirements and are listed in Table 1.3 including the
one later deigned, presented and discussed in this work. The devices are grouped
based on the pulse forming circuit with the following parameters reported: pulse
form, pulse duration, maximum pulse amplitude, pulse repetition frequency,
switch type, switch model and additional remarks on the pulse form and circuit
topology in case the divergence from the usual performance is noticed.

1.4. Classification In-House Built Generators for
nsPEF Electroporation

It was identified, that the traditional transmission line (including Blumlein-type)
pulse forming circuits are no longer dominating in the nsPEF electroporation
applications. The progress of semiconductor technologies enabled the
development of cost effective, small-size and flexible sub-microsecond generators
based on direct capacitor discharge circuit topology. The Marx generator circuit
topology with new ultra-fast semiconductor switches forms a new leading
technology trend now. In addition, there were few successful attempts to develop
resonant-circuit nsPEF generators, which at the end were not followed by other
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researchers. Unpopularity of this circuit topology is driven by the limited pulse
duration flexibility and resulting Gaussian pulse shape.

All topologies demonstrate the possibility to produce high-voltage pulses,
however, the transmission line (including Blumlein-type) topologies, which use
spark gap switches, demonstrate a possibility to produce very high amplitude
(peak voltages exceeding 10 kV) nsPEF square-wave pulses. Yet there is
complexity associated with these designs and recent developments of Marx-bank
(Liu et al. 2019; Zeng, Yao, et al. 2020) and other direct capacitor discharge
circuits (Novickij et al. 2014) indicate the growing availability of the off-the-shelf
components fulfilling the high-voltage pulse delivery requirements. It is expected
that the transmission line topologies will be pushed out of the sub-microsecond
range due to a lack of flexibility, requirement of impedance matching and
distorted waveforms. These drawbacks are not associated with the reported direct
capacitor discharge circuits (including Marx-bank). However, the sub-100 ns
pulses in the range of tens of kV are still yet hardly achievable by the direct
capacitor discharge technology.

Indeed, for the high-voltage sub nsPEF pulse delivery, the switch
performance and characteristics are crucial. The spark gap switches are fast and
cost-effective for nsPEF generation, but these switches have a short lifetime due
to electrode erosion, poor pulse duration control and can be frequently associated
with turn-on jitter (Xiao et al. 2018). In contrast, the semiconductor switches offer
high flexibility of pulse control, but are more constrained by high-voltage or
current withstand limits as well as switch opening and closing times. A series
connected switches can solve high-voltage limitation issues, but this increases the
stray inductance, which is making the circuit slower.

One of the latest comparison between typical MOSFET, IGBT and bipolar
junction transistor (BJT) switches was made in 2019 (Davies et al. 2019). It was
demonstrated that all three could ensure the breakdown voltage (collector—emitter
or drain—source voltage) higher than 1 kV. However, the BJT switches, which
among all would be the most cost-effective option, are slower than MOSFETS or
IGBTs and cannot fulfil the nsPEF pulse forming requirements. It was
demonstrated that only the high power MOSFETS can form pulses within the 100—
300 ns range with the transition times (rise and fall time) faster than 100 ns
(Davies et al. 2019). More than a half of reported nsPEF electroporators
(Table 1.3) use the MOSFET switch as a main pulse forming component.

The review indicates that the direct capacitor discharge topology is taking a
lead in the nsPEF applications when the sub-microsecond pulse is required. In
addition, the MOSFET switches are now the main technology to produce high-
voltage nsPEF pulses in various circuit topologies. The spark gap switches are
still applicable in case of a very high-voltage amplitude or ultra-short pulse
duration (a few nanoseconds) (Kolb et al. 2006).
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Other types of switches (like photoconductive semiconductor, optoelectronic
switch or even IGBT) are rarely applicable even if they also provide a capability
to deliver ultra-short pulses. In all cases, the transient processes are triggered
during the switch turn-on and turn-off, which negatively influence the pulse
parameters. The proper compensation circuits must be applied to ensure system
protection and the precise pulse waveform with constant pulse rise and fall times
independently on the load/electrodes type (Dermol-Cerne et al. 2020).

In all cases, the transient processes are triggered during the switch turn-on
and turn-off, which negatively influence the pulse parameters and can breach the
system safe operation limits. The proper compensation circuits must be applied to
ensure system protection and the precise pulse waveform with constant pulse rise
and fall times.

1.5. Transient Process Compensation in
High-Frequency Circuits

The electroporation systems described above require an application of the high-
voltage and current pulses at high-frequency. As it was showed, the operation of
such devices in most cases is managed by high-power semiconductor switches
like MOSFET. These switches are highly sensitive for operation mode beyond the
safe operation limits. The voltage and current spikes, caused by switch turn-on or
turn-off, may result permanent failure of the device. In such case, an application
of snubber, clipping, crowbar and clamping circuits is necessary to protect the
switch and ensure the safe operation of electroporation system.

The poorly design compensation circuits may lead to over-damped or under-
damped response and reduce the overall pulse generation performance. Hence, to
estimate the required compensation for the individual devices, the transient
processes must be analysed. The switching impact on the pulse shape is influenced
by the parasitic circuit parameters such as the contact capacitance, resistance of
the pulse forming circuit transmission line and the stray inductance.

1.5.1. Snubber Circuits

Snubber circuits are used to protect switches (e.g. MOSFETS) from excessive
voltage or current change and overvoltage during the switch turn on/off moments
in circuits with inductive load. There are several types of snubber circuits, but
most commonly used are resistor — capacitor (RC) and resistor — capacitor — diode
(RCD) snubber circuits (Grainys 2014; Kadia et al. 2019). Snubber circuits are
usually connected across the switch to limit the peak voltage during transient turn-
on and turn-off (Zhong et al. 2014; Xiao et al. 2018; Kadia et al. 2019; Jorgensen
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et al. 2020). An RCD snubber circuit can be forward or reverse polarized or non-
polarized.

As an example, the switch SW protecting, forward-polarized RCD shubber
circuit connected with an anti-parallel fast recovery diode is shown in the
Figure 1.16. R2 limits the forward dV/dt and R1 limits the discharge current of the
capacitor when the switch is turned on. Such design is used as an overvoltage
snubber to clamp the voltage.

D,
1
™~
Sw L
C R, D,
e
R,
|
L

Fig. 1.16. Forward-polarized resistor — capacitor — diode (RCD) snubber circuit

Other type snubber circuits, like the reverse polarized snubber circuit can be
used to limit the reverse-biased voltage occurring in the circuit due to the energy
accumulation in the inductive coil. A non-polarized snubber circuit is used when
a pair of switching devices is used in anti-parallel (Khan 2017).

In case the snubber circuits are applied, first, it is important that energy stored
in RC snubber circuit capacitor is higher than the energy stored in the circuit’s
inductance. Second, the time constant of snubber circuits should me small
compared to shortest expected switch turn on time. Finally, the snubber circuit’s
resistor must have a low self-inductance in order to reduce the pulse overshoot
voltage. In such combination, the snubber RC circuits could be applied to protect
the switches from high dl/dt and overvoltage (Novickij, Grainys, et al. 2017; Xiao
et al. 2018) during the switching process.

1.5.2. Voltage Clamping Circuits

Voltage clamping circuits are design to limit the maximum or the minimum pulse
amplitude and used to protect the switching components from operation in voltage
which is out of the safe operation limits (Makarov et al. 2016). In addition, these
circuits can also be used to improve the overall efficiency of the switching circuit
and to recover otherwise wasted energy (Pollock 2019). They are can also be
designed to ensure the square-wave pulse.
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For instance, in the field of electroporation, the clamping circuits have been
designed and used in modular (Abdelsalam et al. 2017; Darwish et al. 2019) or
Marx-bank based pulse forming circuit designs (Sack et al. 2016; Sack et al.
2017). It provided the switch protection against over-voltage and was based on
combined capacitive and avalanche-diode coupling between the switch collector
and gate. In such way, the clamping circuit ensured, that the gate voltage of the
switch is controlled and cannot over-cross the safe operation limits.

As another example, the diode clamped gate driver circuit was developed and
applied to increase the energy utilization efficiency and pulse forming
capabilities. The circuit design is represented in Figure 1.17 (Krishnaveni et al.
2017).
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Fig. 1.17. Voltage clamping circuit: a) design of diode clamped gate driver; b) the key
waveforms where (A) is SW1 gate pulse; (B) is SW2 gate pulse; (C) is current
through the resonance inductor; and (D) is capacitor voltage (Krishnaveni et al. 2017)

This type of clamping circuit was specifically proposed for high-frequency
operation (Krishnaveni et al. 2017) and latter adapted for the development of the
resonant circuit based high-voltage pulse generator with adjustable frequency for
electroporation applications (Subramani et al. 2018). The authors showed, that it
reduces the gate driving circuit losses and improves the pulse forming capabilities
by providing square-wave pulses in the resonant circuit topology.

1.5.3. Crowbar and Controlled Crowbar Circuits

Crowbar circuits are frequently employed in direct capacitor discharge pulse
forming circuits topologies (Novickij, Grainys, et al. 2017; Stankevic et al. 2020).
They are used to form a very low-impedance short circuits, which provide a
freewheel path for the load and prevent an excessive reverse voltage building up
on the capacitor (Jin et al. 2004). As such, the lifetime of capacitor bank can be
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increased, the capacitor discharge time prolonged and the energy transfer
efficiency increased. In addition, the crowbar circuits can be used for unipolar
current pulse forming, which might be needed for some electroporation
applications (Tinschmann et al. 2008; Stankevic et al. 2020).

There are many configurations of crowbar circuits. In case of pulse forming
circuits, the most common type is the active crowbar and controlled crowbar
circuits. The active crowbar circuits are used to improve the pulse form and
protect the device elements against the high-voltage and current transients. The
active crowbar circuits, in comparison with the clamping circuits described
before, can handle a higher fault current with small power dissipation. On the
other hand, it is more likely than the clamp will trigger the deactivation of the
pulse forming circuit and will bring the attention to the faulty operation.

However, for the electroporation research applications, it is essential to
ensure the same pulse shape and duration for different biological samples.
Therefore, the controlled crowbar circuits are used to ensure the pulse fall time
independence from the load. As presented in Figure 1.18, the simply controlled
crowbar circuit is integrated into the pulse forming circuit of capacitor discharge
pulse generator described in Section 1.3.1.

SW,

g 1

Cuvette
Controlled crowbar

AV
Fig. 1.18. Design of controlled crowbar circuit

In Figure 1.18, the switch SW; is open during pulse delivery and closed at
the end of the pulse duration in order to create an alternative path for the current
flow to the ground. In such case, the pulse forming circuits in synchronized
operation with a controlled crowbar circuits are used to achieve a short pulse fall
time independent of the load, by removing the pulse characteristic tail (Dong et al.
2016; Stankevic et al. 2020; Novickij, Grainys, et al. 2017). The impact of the
controlled crowbar circuit is showed in Figure 1.19.
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Fig. 1.19. The electric pulse form achieved on different loads with and without the

controlled crowbar circuit (Stankevic et al. 2020)

The pulse form obtained on different biological loads without a controlled

crowbar circuit (curve 1, curve 2 and curve 3) is compared with pulse generated
using controlled crowbar circuit (curve 1* and curve 2*). It can be seen, that the
controlled crowbar ensures the pulse fall time independence from the load
impedance, which ensures an equal pulse duration and experimental treatment of
different biological loads (Stankevic et al. 2020).

1.6. Conclusions for the Chapter 1 and the
Formulation of the Thesis Tasks

1. The usage of electrical pulses for various electroporation applications has

a high-potential and the scientific interest in submicrosecond pulses is
increasing. This leads to the growing demand for the nsPEF
electroporators.

. The biological effects of the electrical pulses strongly depend on the pulse

waveform, duration, repetition frequency, amplitude, number of pulses
and electric field strength applied. The pulse waveform of majority
electroporation systems is still load dependent, while there is a strong
need to ensure the delivery of precise energy independent on the
experimental load used.

. Different techniques to design the pulse forming circuits for the nsPEF

electroporation systems exists, mostly with narrow range of parameters.
To cover the wide range of electroporation research needs, future design
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development must ensure, that pulse forming circuits are capable to
handle high-voltage and currents pulses at high-frequency as well as
provide a wide selection of pulse parameters.

4. The recent years developments of SiC MOSFET technology resulted the
new wave of Marx-bank, modular and direct capacitor discharge based
nsPEF electroporators with adjustable pulse parameters and decline in
Blumlein and transmission line based electroporators.

5. The transient processes are triggered during the switch turn-on and turn-
off, which negatively influence the pulse parameters and can breach the
system safe operation limits. The proper compensation circuits must be
applied to ensure system protection and the precise pulse waveform with
constant pulse rise and fall times.

The following tasks must be solved to achieve the aim of this research:

1. To develop the simulation model for high-frequency square-wave
electroporation system using by applying the best practices of transient
process compensation and investigate the circuit parasitic elements
influence on the generated pulse shape.

2. To propose the planar electrodes topology for single cell real-time
manipulation and develop a model to investigate the electric field
distribution and homogeneity.

3. To develop the prototype of the submicrosecond electroporation system
and investigate the applicability for in vitro electroporation.

4. To compare the simulation results of a pulse forming circuit with the
obtained experimental results and provide an uncertainty assessment.






The Simulation Model of
Electroporation System

In this Chapter, simulation models of the high-voltage, high-frequency nsPEF
generator and planar electrodes for real-time electroporation on a microscope
stage are presented. The nsPEF generator performance and the influence of the
parasitic electrical circuit elements to the generated electric pulse are investigated
using SPICE model and LTspice simulation software. The planar electrodes chip
topology is analysed using finite element method (FEM) analysis in COMSOL
Multiphysics environment to ensure a homogeneous cell exposure.

Four scientific publications were published on the section topic (Novickij
et al. 2016; Butkus et al. 2017; Butkus 2018; Butkus et al. 2019).

2.1. The Development of High-Frequency nsPEF
Electroporation System

In this section the research and development of the high-voltage, high-frequency

submicrosecond electric pulse forming circuit using Simulation Program with
Integrated Circuit Emphasis (SPICE) model is presented.

4
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2.1.1. The Definition of the Pulse Forming Circuit Parameters

The designing of high-voltage, high-frequency nsPEF pulse forming circuit is a
challenging and multidisciplinary task. It requires application of numerical
methods to investigate the electrical circuit’s transient processes and parasitic
elements, such as the contact capacitance, resistance of the transmission line and
stray inductance. Inappropriate application of compensation circuits may lead to
the appearance of overvoltage, overcurrent or waveform distortion, as well as
over-damped or under-damped responses. These would result in a poorly
performing pulse forming circuit. Hence, proper compensation circuits must be
developed to compensate the transient processes that occur during pulse turn-on
and turn-off time as a result of the parasitic circuit parameters (Novickij,
Stankevic, et al. 2015). Moreover, other issues, like load matching, driving circuit
topologies for the semiconductor switches etc., should be solved.

To select the most optimal pulse forming circuit design, the pulse
requirements must be clearly defined. Therefore, the pulse waveform amplitude,
duration, repetition frequency and other output pulse parameters must be carefully
selected in terms of their applicability in the experiments (Novickij et al. 2016).
In previous Chapter 1, it was identified, that the high-frequency nsPEF
electroporation has a growing scientific interest. Following this discussion and
provided state of art electroporation system parametric assessment, the summary
of the suggested pulse forming requirements are presented in Table 2.1.

Table 2.1. The summary of the state of art requirements for pulse forming

Pulse parameter Scientific demand
Pulse waveform load-independent and square-wave
Shortest pulse duration, s from 1x10~7 to 1x10°3
Pulses repetition frequency, MHz uptol
Number of pulses from 1 to 100
Electric field strength, kV/m 30
Pulse amplitude, kV FromOto 3
Maximum (pulsed) current, A up to 60

Following the pulse forming circuit requirements listed in Table 2.1, it can be
seen, that the desired novel electroporation system must be flexible and be capable
of delivering load-independent and adjustable square-wave electric pulses of
duration ranging from 100 ns to 1 ms. The pulse repetition frequency must have a
wide range from 1 Hz to 1 MHz, with the voltage amplitude up to 3 kV (30 kV/cm
in a 1 mm gap cuvette). Taking into consideration, that the typical biological load
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resistance is expected to variate in range from 50 Q to 500 Q the device should be
able to handle the maximum (pulsed) current up to 60 A.

2.1.2. The Conceptual Designing of Pulse Forming Circuit

As it was discussed in previous chapter, there are several pulse generators
conceptual circuits: direct capacitors discharge, transmission line discharge and
inductive storage discharge. All are suitable for nsPEF applications. However, it
was demonstrated that due to the recent developments of SiC MOSFETSs, the
direct capacitor discharge circuit topology forms a leading trend to provide a high-
quality square-wave pulse shape with the wide range of the pulse parameters
flexibility. Thus, is a preferred design in recent developments of the nsPEF
electroporation systems. Moreover, to ensure the load independent pulse shape,
the controlled crowbar circuits are used. As a result, the conceptual direct
capacitors discharge pulse forming circuit integrated with the controlled crowbar
circuit is represented in Figure 2.1.

SWi1 SW3

Fig. 2.1. Simplified equivalent circuit of the generator (Novickij et al. 2016)

For the simplicity, the biological load (cuvette) is approximated as parallel
connected resistor (RLoap) Without expressing the parasitic load capacitance C.
Same applies for all other parasitic elements. As a result, the pulse forming circuit
itself is composed for a variable high-voltage power supply, a capacitor (C) and
the maximum current limiting resistor (Ruim). Different from the direct capacitor
discharge circuit topology, in this case three switches (SW1, SW2, SW3) are used
instead of one to form additional current path and enable controlled crowbar
integration.
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The SW1 and SW2 switches belong to main power line and are responsible
of commutation of the power source voltage over the load. When these switches
are turned on, a high-voltage pulse is over the load and the current contour is
shown as a dashed line. Consequently, these two switches operated in a
synchronized mode, thus, are opened and closed at the same time. The pulse rise
time is dependent on the switching characteristics of the switches and the parasitic
circuit stray inductance and capacitance (Butkus et al. 2019). The maximum
current in case of RLoap = 0 Q is limited by the current limiting resistor (Riim).

The switch SW3 represents controllable crowbar circuit which is triggered at
the same moment when the main power line switches SW1 and SW2 are closed
(Butkus et al. 2017). In this way, the controlled crowbar circuit could be opened
to create a new path for the high current to flow to the ground (blue line), avoiding
a path through the cuvette (red line), since this path is closed at the same time by
SW1 and SW3. As a result, the pulse fall time became independent of the load
and is only dependent on the type and the switching characteristics of the switches
that were used and the parasitic parameters of the overall circuit. As shown in
previous chapter, without the synchronized controlled crowbar circuit (SW3), the
characteristic tail dependent on the load would appear and, thus, it would be
impossible to generate a nsPEF pulses with the high impedance buffers (Novickij
et al. 2016; Butkus et al. 2019).

In such design, the pulse length is controlled by the switches SW1 and SWa3.
To ensure the proper operation of the switches, the snubber circuits like resistive-
capacitive (RC) should be applied to balance the voltage in each switch during the
steady state and transient operation. In addition, since the series of square-wave
pulses are required, the energy stored in the capacitor has to be several order of
magnitude higher than the energy delivered to the load (Redondo 2017). Since all
energy is stored in the capacitor bank, this impose some addition safety
requirements. For instance, the capacitor bank directly defines the pulse voltage
amplitude, which is required to be in several of kilovolt range and the switches
must be able to withstand this voltage.

For the nsPEF electroporation applications, the switching speed must be in
the range of nanoseconds. This can be achieved with the application of fast
switches, which offer the switch-on and switch-off times on the order of in the
range of ns. In recent works authors have demonstrated, that MOSFET switches
in comparison with IGBTs and BJTs are cheaper and better suited to produce
pulses within the 100-300 ns regime with transition times (rise and fall time)
faster than 100 ns, although all three have breakdown voltages (collector—emitter
or drain—source voltage) in excess of 1 kV (Davies et al. 2019). As a result, it was
decided to focus only on MOSFET switches and the comparing of typical high-
voltage and high-frequency MOSFETS is provided in Table 2.2.
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From the Table 2.2, it can be seen that the latest developments of the SiC
based semiconductor technologies enabled the commercial MOSFET switches to
handle a voltage pulses up to of 1.7 kV, thus the series connected array of
MOSFET switches are still needed to reach the sufficient level of pulse voltage in
direct capacitor discharge circuit topology. In addition, the offered pulse rise time
is between few to tens of ns, while the pulse fall time can go up to several hundreds
of ns, hence, it is one of the limiting factor during the selection of the switches for
desired nsPEF electroporation system. While, to ensure the safe operation of the
pulse forming circuit, an important factor is also a continuous and a pulsed drain
currents. It was noted, that the large portion of high-voltage commercial MOSFET
switches can offer sufficient breakdown voltage and speed performance, but are
limited with a continuous and a pulsed drain currents. As a result, it was
concluded, that the series connected array of MOSFET (C2M0080120D, Cree
Inc., Durham, NC, USA) switches with the 1.2 kV breakdown voltage, 36 A
continuous Ip and 80 A pulsed drain currents Ipwm is the most practical choice for
the required nsPEF electroporation system.

Since the MOSFET is a voltage controlled device, it can be driven easier and
with a lower cost than a BJT which is a current controlled device. However, the
MOSFET switching time is largely determined by how fast the input capacitance
is charged during the turn-on transient and discharged during the turn-off
transient. This mainly depends on the gate current at the start of conduction,
meaning, that the MOSFET switching speed is still dependent of the gate current
that charges the parasitic capacitances of the semiconductor device (Kim et al.
2016; Manias 2017). Therefore, a higher gate currents will be required in high
switching frequency operation (Kim et al. 2016).

For the power MOSFET switches control and synchronization, gate drive
circuits (DR) are used, which accepts a low power input from a controller and
produces the appropriate voltage and current for the switch control. Moreover, to
prevent the short-circuit, a galvanic isolation is applied, where the magnetic
(transformer) or optical coupling drivers are mainly used (Manias 2017).
However, the optical coupling-based gate drivers mainly use light-emitting
diodes, which results a disadvantage of rapid aging. In addition, the commercial
products usually have restricted dV/dt robustness, that contributes to longer dead-
time and affects overall operating frequency and efficiency (Kreutzer et al. 2015).
Therefore, the high current magnetic gate drivers are preferred.

As aresult, a 4 A isolated, half-bridge ADuM42231 gate driver was selected
(Analog Devices 2017). It is suitable for the high-frequency applications at range
up to 1 MHz and uses the Analog Devices, Inc., iCoupler® technology, which has
advantage of 5 kV rms reinforced isolation and up to 0.7 kV galvanic isolation
between the drivers’ high-side and low-side outputs. As a result, the potential for
cross conduction is minimized and the equipment reliability and safety are
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improved. Thus, the selected gate driver will ensure the high-frequency operation
and the reliable control over the switching characteristics of selected MOSFET
switches.

2.1.3. The SPICE Model of the Pulse Forming Circuit

One of the main tasks during the development of the nsPEF electroporation
system is the evaluation of circuit parasitic elements influence and compensation
of the transient processes in the pulse forming circuit during the rise and fall time
of the generated pulse. This ensure the control of pulse parameters and the smooth
square-wave pulse form, which was noted as an issue for more than one-third of
in-house developed nsPEF generators (Table 2.2). To ensure the compensation of
the transient processes, RsiCsi— RssCss Snubber circuits were implemented into
the pulse forming circuit and connected in parallel with the semiconductor
MOSFET switches (Figure 2.2). As an advantage, the RsiCs; snubber circuits
provide an additional support for the synchronization of the series-connected
switches.

In the prototype development phase, the design of optimal RC shubber
circuits can be a time consuming and costly task if the different set-ups of RC
snubber circuits are experimentally tested directly on the prototype system. On
the other hand, this task can be more easily solved via application of a proper
simulation model (such as a SPICE model) (Butkus et al. 2019). As a result, to
investigate the transient processes and design the measures needed to compensate
the parasitic circuit parameter’s influence on the PEF generator, the commercially
free LTSpice simulation software was used to create a SPICE model of the pulse
forming circuit.

The developed SPICE model of the pulse forming circuit for the PEF
generator is presented in Figure 2.2. It is divided into several main groups: control;
power supply; cuvette, controlled crowbar; power circuit and compensation
circuit (both not identified in the figure). The power supply part consists of a high-
voltage DC power supply supported by the capacitor array, for energy
accumulation.

The control part of the generator is responsible for precise triggering
operations of the semiconductor switches. The main component of the control part
is the microprocessor, which can provide the user with the ability to precisely
define the electric field strength, duration range, pulse number and frequency.
Thus, the PEF generator is able output either a single short square-wave pulse or
a defined number of multiple pulses.
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Fig. 2.2. A SPICE model of the pulse forming circuit for high-frequency square-wave

electroporation system (Butkus et al. 2019)
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The control part is represented by six driver circuits DR1-DR6. To imitate
the galvanic isolation, the MOSFET switches were connected to the pulse control
unit throughout the power transformers (transformation ratio equal to 1) and driver
circuit current limiting resistance Rpri—Rprs. TO imitate the performance of actual
driving circuits selected in previous section, the implemented driving circuit is set
to drive semiconductor switches with peak output current up to 4 A, and have an
output voltage from 4.5V to 18 V. The boundary conditions for simulation
parameter selection are assumed to be a 5 kV isolation capability at the maximum
frequency of 1 MHz. As a result, this driving circuit is suitable to provide a precise
and a reliable imitation of synchronized control over the switching characteristics
of MOSFET switches.

The power circuit part of the generator consists from the six high-speed, high-
voltage and low capacitance C2M0080120D SiC power MOSFET switches SW1-
SW6 manufactured by CREE (Durham, USA). These switches are expected to
ensure the delivery of the high-voltage square-wave pulses at the high switching
frequency. To match the switching characteristics, a manufacturer developed
SPICE model of C2M0080120D SiC power MOSFET switch was used for the
simulation model development. All switches were connected to the driving circuit
throughout current limiting resistance Rpri—Ropres.

Each C2M0080120D switch can withstand voltages up to 1.2 kV and pulsed
drain currents up to 80 A. In order to handle commutation voltages up to 3 kV, in
the pairs of MOSFET switches are connected in series. Following the conceptual
circuit design described in previous section, the pairs of SW1-SW2 and SW3-
SW4 switches belong to main power line and are responsible of commutation of
the power source voltage over the load. When these MOSFET switches were
turned on, a high-voltage pulse was over the load. Consequently, these four
switches operated in a synchronized mode by two channel galvanically isolated
DR1-DR2 and DR3-DR4 MOSFET drivers and, thus, were opened and closed at
the same time. The switches in the pair of SW5-SW6 represent controllable
crowbar circuit which is triggered by the DR5-DR6 at the same moment when
the main power line switches SW1-SW4 are closed (Butkus et al. 2017). In this
way, the controlled crowbar circuit creates a new path for the high current to flow
to the ground, avoiding a path through the cuvette, since this path was closed at
the same time by SW1-SW2 and SW3-SW4.

For the compensation circuit, snubber diodes D1 to D6 were implemented in
parallel to each MOSFET switch to provide reverse voltage protection. In
addition, energy absorbing RC snubber circuits were connected in parallel to each
MOSFET switch in order to eliminate sudden voltage surges in the pulse forming
circuit created by stray inductance and to ensure MOSFET synchronization. This
type of compensation circuit ensures proper surge voltage damping during turn-
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on and turn-off time, thereby protecting the power MOSFET switches and other
devices in its vicinity.

Parasitic inductance of the Printed Circuit Board (PCB) circuit is
implemented as an inductor Lp. To represent the electroporation cuvette and
imitate the cell and the suspension charging constant, the parasitic load
capacitance Cp, together with load resistance Roap Were used. In this way, the
presented pulse forming circuit offered flexibility for different experimental
applications, while the SPICE model itself was suitable for the electrical pulse
forming circuit transient processes and analysis of the parasitic elements (Butkus
et al. 2019). As will be demonstrated below, the SPICE model was also able to
optimize prototype development and reduce the time and cost needs during the
prototype development phase (Butkus et al. 2019).

The generation of 3 kV square-wave electric pulses for nsPEF electroporation
applications is complicated and a multidisciplinary engineering task, which
cannot be solved without a proper set-up of RC snubber circuits. To suppress the
transient processes of the pulse forming circuit, the parameters shown in Table 2.3
were selected based on knowledge of previous developments (Grainys 2014;
Novickij 2015) and were swept from the minimum to the maximum values. The
impact of each parameter was evaluated to find the optimal RC snubber circuit
parameters under different load conditions. In fact, to imitate the real
electroporation experiment parameters, where low conductivity buffers are used
and the Rioap was varied from 50 Q to 500 Q.

Table 2.3. Requirements for electroporation system (Butkus et al. 2017)

Symbol Pulse parameter Min. value | Max. value | Final value
Rs Snubber resistance, Q 0.1 20 10
Cs Snubber capacitance, pF 200 900 500
RLoaD Load resistance, Q 50 500 50-500
Cr Parasitic load capacitance, pF 10 100 50
Lp Parasitic circuit inductance, pH 1 5 1.2

Parasitic line inductance L, and parasitic load capacitance Cp have a high
impact on the performance of pulse forming circuits and can impose transient
processes of overvoltage and overcurrent. In addition, other undesirable pulse
distortions, like circuit ringing, can be triggered. To illustrate the pulse forming
circuit parasitic elements impact on the pulse form without the application of the
snubber and crowbar circuits, the parasitic line inductance was variated from 1 uH
to 5 uH. The impact on the pulse shape is presented in Figure 2.3.
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Fig. 2.3. The output voltage pulse on the load of 150 Q (Cp = 50 pF) without the
snubber and crowbar circuits (Butkus et al. 2019)

As it can be seen in the Figure 2.3., the parasitic circuit inductance influence
on the pulse, which resulted in overvoltage during turn-on and turn-off of the
semiconductor MOSFET switches (Butkus et al. 2019).The voltage overshoot and
undershoot up to 0.5 kV as well as voltage ringing’s after the pulse turn off were
detected, which may cost the overvoltage of the MOSFET switches. Due to this
the RC snubber circuits were implemented into the circuit. The resulting pulse on
the load of 100 Q with implemented RC snubber circuit is shown in the Figure 2.4
(Butkus et al. 2017).

As seen in the Figure 2.4, the rise time of the generated pulse depends only
on switching parameters of the semiconductor. The implemented RC snubber
circuits allow to limit the reverse overvoltage during the turn-off phase of the
semiconductor switches. To ensure fastest turn-off time and the minimum reverse
overvoltage, the snubber resistance Rs was set to 10 Q and the snubber capacitance
Cs to 500 pF (Butkus et al. 2017). This optimal set-up of RC snubber circuit is
further applied, for all following simulations.



52 2. THE SIMULATION MODEL OF ELECTROPORATION SYSTEM

3.0 T T T T 4 T

— R=10 Q, C=500 pF | |
---—-R=0.5Q, C=500 pF| |
—-—- R=0.5 Q, C=600 pF
- - —-R=10 Q, C=600 pF

2.5 4

2.0 1

1.5 1

Voltage, kV

1.0 H

0.5

0.0

— -

T T T T T T T v I '
0 50 100 150 200 250 300
Time, ns

Fig. 2.4. The output voltage pulse on the load of 100 Q (Lp = 1.2 pH) with different
snubber circuit parameters (Butkus et al. 2017)

To minimize the fall-time of the produced waveform also to neglect the pulse
tail influenced by the load the controlled crowbar circuit was implemented into
the system. The influence of the controlled crowbar circuit to the generated pulse
form can be seen in the Figure 2.5. As it is shown, in case the synchronized
controlled crowbar circuit is not applied, the characteristic tail appears, resulting
the pulse fall-time dependence on the load. If the load is increased, the
characteristic tail impact on the pulse fall-time is also increased. However, in case
of the activation of the controlled crowbar, the pulse fall-time dependance on the
load resistance reduce significantly. With such change, the pulse fall-time can be
generally assumed to be time independent on the load resistance, thus resulting
better pulse forming circuit performance. However, it was also noted, the
controlled crowbar impacts the pulse undershoot, which depends on the load and
can increase up to —0.7 kV in case of the load of 500 Q.
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Fig. 2.5. The controlled crowbar circuit impact on the pulse turn-off time and the load
resistance dependence

For delivering the constant pulse amplitude in repetitive pulsing performance,
the power supply unit must be connected with the sufficient capacitor bank. The
remaining maximum pulse amplitude after single pulse delivery can be evaluate
following the capacitor discharge formula below:

_tD/RLOADC, (2.2)

Useries max€
where C is capacitance of capacitor bank, R.oap — load resistance, to — pulse
duration and Unmax— initial voltage. In case the initial voltage is fixed, the capacitor
discharge voltage depends on pulse duration and load resistance. The longer pulse
duration is used, the more the capacitor will discharge as well as the smaller
resistance of load are used, the faster capacitor is discharged. For the illustration
purpose, the pulse amplitude dependence on the pules duration in series delivery
is presented in Figure 2.6.
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Fig. 2.6. Pulse amplitude dependence on the pules duration in series delivery

In Figure 2.6, the pulse amplitude dependence on the number of pulses was
estimated for the capacitor bank of 13.3 uF with the load resistance of 100 Q. For
the pulse duration from 50 ns to 500 ns, the constant voltage supply with less than
10% drop is ensured, however in case of longer pulses, either the bigger load
resistance or larger capacitor bank must be used to ensure constant voltage supply.

Although the simulation results indicate the proper performance of designed
pulse forming circuit, the actual performance and the impact of RC snubber
circuits and the controlled crowbar circuit still needs to be validated with the
comparison of simulation and measurement results of actual pulse. This task is
covered in the following chapter.

2.2. The Simulation Model of Planar Electrodes for
Electroporation

In this section the concept of planar electrodes for real-time electroporation on a
microscope stage is presented and the topology is analysed using finite element
method (FEM) analysis. A multiparametric investigation of the chip topology is
performed in COMSOL Multiphysics environment to define the configuration of
electrodes, electric field distribution and other electroporation parameters to
ensure a homogeneous cell exposure. Based on the simulation results, an optimal
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electrode configuration, for investigation of the single cell permeabilization
thresholds during the real-time in vitro electroporation, is proposed.

2.2.1. Planar Electrodes for Electroporation

The most common way of investigating electroporation in vitro is to study the cell
uptake of dyes: either fluorescent molecules (fluorophores) or color stains (such
as trypan blue) (Batista Napotnik et al. 2018). The cells are put into a cuvette with
electrodes and after pulsing procedures the release or loading of the dye is
observed (Novickij, Tabasnikov, et al. 2015). For this research, the most common
electroporation systems use a standard cuvette with metal electrodes. The usual
distance between electrodes vary from 1 mm to 4 mm. However, this method does
not allow to research and monitor the dyes dynamic in real-time, due to the
required cell handling from the cuvette to the microscope slide (Novickij,
Tabasnikov, et al. 2015). As a result, the observation of the dye release dynamics
is not possible during pulsing procedures.

In order to overcome the drawbacks of the standard cuvette electroporators,
the microfluidics-based electroporation technique is rapidly developing (Geng
et al. 2013). Even though this technique is advanced with its unique characteristics
of miniaturization and integration, it is still difficult to study fast, nanoscale pore
formation dynamics using real-time fluorescent microscopy. In order to perform
such experiments, the electrode structures, which are capable of delivering
uniformly distributed electric field to the biological cells, is required.

The planar electrode structures proved to be advantageous for this type
electroporation experiments (Geng et al. 2013; Novickij, Tabasnikov, et al. 2017),
but various issues, such as the spatial non-uniformity of the electric field
distribution, complexity of electrode fabrication, biological compatibility issues,
and the voltage breakdown occurrence between the electrodes has to be solved
(Novickij, Tabasnikov, et al. 2017). Due to this, the variety of available planar
electrodes for electroporation is currently limited due to the complexity, price and
the electrodes fabrication challenges. As a result, the need to research the various
electrodes configurations and their parameters (such as thickness, electrode gap,
finger width) influence on the generated electric field intensity and homogeneity
still exists.

In addition, to enable the planar electrodes for real-time electroporation
applications at least several (more than two) electrodes must be used for the
structure. The electrodes must be made only from the biocompatible and highly
conductive metals. In the sections below, the detailed parametric analyses were
performed. The finite element method simulations were applied for the evaluation
of electrical field distribution to support the development of the required planar
electrodes structure. As a result, the generated electric field intensity and
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homogeneity dependency on the electrodes configuration was evaluated and the
optimal configuration was proposed.

2.2.2. The Simulation Model of Planar Electrodes

In order to investigate an electric field distribution and make preparation works
for the electrodes prototype development, the planar electrodes computer model
was developed using COMSOL Multiphysics software (COMSOL Inc., USA)
(Butkus 2018).

The requirements for the electrodes were defined, which are enforced by the
biological objects. The gap between the electrodes must be big enough to ensure
sufficient field of view to accommodate multiple cells (for statistical analysis of
the observed effect). The typical mammalian cell size in the range of 8-10 pm and
the permeabilization threshold is in the range of 0.3-1 kV/cm (Krassowska et al.
2007; V. Novickij et al. 2016), therefore it was defined that the minimum effective
gap should be at least 80 um. On the other hand, to have more flexibility during
the experiment, the gap between the electrodes should be wider than the effective
gap. For this reason, the gap between electrodes is selected to vary from 150 pm
to 500 pum, while the generated electric field should be at least 1 kV/cm.

In addition, the biocompatibility of the electrodes is a concern. Cells are
sensitive to oxidation and the pH changes in the electrode/medium interface (Li
etal. 2015), thus only biocompatible and highly conductive metals should be used.
As a result, the choice is limited to gold and platinum, however, taking into
account future availability of infrastructure and the specifics of fabrication
process, platinum has been selected.

Lastly, electroporation is highly dependent on the parameters of the electric
field (i.e. direction, pulse form, duration etc.), therefore the structure should
support bipolar pulses and delivery of pulses with different angles of electric field,
which will allow a more flexible study the spatial distribution of pores in the cell
membranes by real-time fluorescent dye diffusion. As a result, at least several
(more than two) electrodes must be present in the structure, while we limited the
topology to four.

For the Multiphysics environment simulations, the Electric Currents
interface of the COMSOL Multiphysics software has been selected. The selected
interface provides a solution of the current conservation equation which is based
on Ohm’s law using the scalar electric potential as the dependent variable. For the
results resolution fine element resolution, the free tetrahedral mesh was selected
with @ minimum and maximum finite element size of 1.65 pm and 38.5 um,
respectively. The specific size of each element is influenced by the geometry of
the electrodes. The simplified electrodes mesh structures are represented in
Figure 2.7 (Butkus 2018).
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Fig. 2.7. 3D simplified electrodes (left) and free tetrahedral mesh (right) structures of
planar electrodes for electroporation (Butkus 2018)
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As it can be seen from Figure 2.7, the topology consists of 4 symmetrical
electrodes, which form 2 pairs (vertical, horizontal). The aim is to estimate the
influence of electrode geometry (gap) on the electric field homogeneity both in
vertical and horizontal planes, which will ensure equal exposure of cells to pulsed
electric field (Butkus 2018). The Table 2.4 shows the summary of the main
simulation parameters used to develop a model of planar electrodes in COMSOL

Multiphysics environment (Butkus 2018).

Table 2.4. Summary of main simulation parameters (Butkus 2018)

Model parameter Value
Electrode width, um 10
Electrode length, pm 50
Electrode thickness of titanium layer, pm 0.01
Electrode thickness of platinum layer, um 0.1
Distance between electrodes, pm 150-500
Applied voltage, V 30
Water electrical conductivity, S/m 0.1
Water relative permittivity, S/m 78
Platinum electrical conductivity 8.9x10°
Platinum relative permittivity 2.6
Titanium electrical conductivity, S/m 2.6%x108
Titanium relative permittivity 100
Silica glass electrical conductivity, S/m 1x10°
Silica glass relative permittivity 2.09
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Four platinum electrodes with titanium layer on the top were positioned on
the 1.1 mm width (and the same depth) 0.03 mm height silica glass plate. On the
top of the silica glass plate, the electrode structures are surrounded by 0.05 mm
height water container. Both represent the typical medium in which the electrodes
are used. The electrode gap was changed during simulation from 150 um to
500 pum in order to determine the optimal value for homogeneous electric field
distribution, which must be at least 1 kV/cm (Butkus 2018).

2.2.3. The Modelling Results and Electric Field Distribution

The example of electric field distribution between two planar electrodes pairs in
YZ and XY planes is presented in Figure 2.8. Since the electrodes represent
identical pairs, the only of one pair is presented, but the same results are applicable
for second pair of the electrodes.
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Fig. 2.8. The electric field distribution of planar electrode pair in YZ plane (top) and
XY plane (bottom) when electrode gap is equal to 350 um (Butkus 2018)

The distance between electrodes is set to 350 um and the applied voltage is
30 V (Butkus 2018). If the gap between electrodes is set to 150 um, the electric
field in the middle is 1.1 kV/cm, which is applicable for reversible electroporation
procedures of the biological cells and tissues (Pucihar et al. 2011). The influence
of electrode gap on the electric field amplitude in the middle of the chip is
summarized in Figure 2.9 (Butkus 2018).
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Therefore, the distribution of electric field values in the effective gap
(80 um) is presented in Figure 2.10. As it can be seen the electric field is
homogeneous when the 250450 um gap between electrodes are used. As a
trade-off, the electric field amplitude is reduced. However, the fabrication
process allows application of voltage higher than 30 V, thus the drop of
amplitude can be compensated by increase of voltage (Butkus 2018).
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Another important parameter is the electric field homogeneity in the vertical
plane (z-plane). The electric field strength distribution (z-plane) dependence on
the distance between electrodes is summarized in Figure 2.10. Like x-plane
distribution in the z-plane the 250-450 um gap electrodes offer the best
homogeneity. Heights up to 60 um from the electrodes where investigated, which
is sufficient since the cells are small (8-10 pum) (Butkus 2018).

Based on the results, it was concluded that the 250-350 um gap between
electrodes has the most potential since it ensures homogeneous distribution and
provides an optimal trade-off between the applied voltage (less than 100 V) and
acquired electric field parameters (more than 1 kV/cm). The results also
demonstrate, that the planar electrodes topology of 4 symmetrical electrodes,
which form 2 pairs (vertical, horizontal), is simple and yet sufficient for real-time
electroporation applications.

2.3. Conclusions of Chapter 2

1. The high-voltage and high-frequency nsPEF pulse forming circuit was
developed and investigated using SPICE model. The RC snubber circuits
were implemented to limit the reverse overvoltage during the turn-off
phase of the semiconductor switches. To ensure fastest turn-off time and
the minimum reverse overvoltage, the snubber resistance has to be set to
10 Q and the snubber capacitance to 500 pF.

2. The pulse forming circuit ensures pulse rise time of 25 ns, while the
proposed controlled crowbar circuit based on the semiconductor switches
ensures relatively load-independent electric pulse fall-time of 18 ns.

3. Based on the selected MOSFET switches and gate drivers datasheets, the
shortest pulse duration is in range of 75 ns, while the repetition frequency
can be variated from 1 Hz to 1 MHz, with the voltage amplitude up to
3 kV, which ensure a 30 kV/cm electric field strength in a 1 mm gap
cuvette and the maximum drain pulsed current up to 80 A.

4. The planar electrodes model in COMSOL Multiphysics was developed to
analyse electrodes topology and electric field distribution for real-time
electroporation. The electrodes structure of two pairs (vertical, horizontal)
of symmetrical electrodes produced from platinum with additional
titanium layer was proposed. The 250-350 pm gap between the electrode
pairs ensure the homogeneous electric field distribution.



Research and Development of the
Electroporation System

In this Chapter, the development of novel high-frequency square-wave
electroporation system which can produce single and bursts of high-amplitude (up
to 3 kV) pulses of variable duration (100 ns to 1 ms) with predefined repetition
frequency (1 Hz to 3.5 MHz) is presented. The simulation and the prototype
results are compared. The prototype system is successfully tested for the
inactivation of the human pathogen Candida albicans.

Two scientific publications were published on the section topic (Novickij
et al. 2016; Butkus et al. 2019).

3.1. The High-Frequency Electroporator for In Vitro
applications

In this section, the development of square-wave electroporation system prototype
is presented. The prototype is based on the simulation model and pulse forming
circuit design presented in Chapter 2. The prototype production and performance
are discussed.

61
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3.1.1. The Development of the Prototype System

The crucial part of the electroporator is the pulse forming circuit. Following the
transient processes analyses and circuit design detailed in the Chapter 2, the
prototype of the square-wave electroporation system was developed.

The device features a compact design (18%29x22 cm) which provides
advantage for portability and for reduction of the total parasitic inductance of the
pulse forming circuit. As it can be seen, the power circuit and the pulse
transmission line were chemically etched on a double sided FR4 PCB (Mega
Electronics, Cambridge, UK). The 3 kV switching voltage supply MS3P/C
(Spellman High Voltage Electronics Corp., Hauppauge, NY, USA) was used as
the high-voltage source. In addition, the capacitor bank of 13.3 pF was used to
ensure the pulse quality during the repetitive delivery. If more capacitance is
needed to ensure pulse amplitude, the device was has built in plugin for external
capacitance. The developed prototype of the system is based on isolated precision
half-bridge drivers ADUM4223CRWZ (Analog Devices Inc., Norwood, MA,
USA), while the pulse-forming is limited by the high-frequency semiconductor
MOSFET switches with high dV/dt. As presented in previous chapters, the IGBTS,
relays or the transmission line implementations have frequency, rise/fall time or
current/voltage handling limitations. It was considered advantageous to use the
series connected array of silicon carbide power MOSFET C2M0080120D (Cree
Inc., Durham, NC, USA) switches with the 1.2 kV breakdown voltage for the
high-voltage handling support. The discrete modules featuring higher voltages
and power are slower and are disadvantageous for the implementation of the high-
frequency electroporator.

The simplified pulse forming circuit of the device is shown in Figure 3.1
(Novickij et al. 2016). The prototype model circuit features six MOSFETs
switches. Following the results of Chapter 2, the S1-S4 switches belong to main
power line, which provides of the square-wave power pulses over the load (red
dotted line), while S5-S6 forms a controlled crowbar circuit (blue dotted line).
The controlled crowbar circuit (S5 and S6) is synchronized with S3 and S4 and is
implemented to achieve a short pulse fall time, which generally independent of
the load.

The RC snubber circuits are introduced in parallel to each switch for the
purpose of pulse forming circuit transient compensation, while the snubber diodes
D1-D6 are introduced to protect the switches from the reverse voltage. The
decoupled driving circuits (DR1-DR4) are synchronized and control the
MOSFETS. It should be noted that the driving circuits DR1-DR6 of the MOSFET
array are drawn for better clarity of perception of the working principle of the
pulse generator and do not represent the real pulse-forming, synchronization and
power circuits of the drivers.
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Fig. 3.1. Simplified schema of the high-frequency electroporator
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The capacitor array, represented as Cp, is used for the energy storage. The Cs
and L are introduced in the circuit diagram to highlight the influence of the contact
capacitance and stray inductance respectively (Novickij et al. 2016). After
validating model and experimental results, as presented in following section, the
stray inductance was estimated as 1.2 uH (£21%), while the Cs was 50 pF (+21%)
(Butkus et al. 2019).

The system performance is researched and presented in further chapter. The
influence of the crowbar circuit was investigated by testing the generator
performance using various resistive loads with and without the controlled
crowbar. The maximum repetition frequency of the pulses was experimentally
determined as a mean of five measurements (Novickij et al. 2016).

3.1.2. The Performance of the Prototype System

The generated pulse was measured using the 1:100 probe and a DPO4034 digital
oscilloscope (Tektronix, Beaverton, OR, USA). The oscilloscope screenshot of
shortest output pulse waveform is shown in Figure 3.2. As it can be seen, the
transient compensation circuit of prototype device successfully minimized the
influence of the parasitic inductance and capacitance. The pulse has only minor
voltage overshoot and undershoot, which are respectively resulted of turn-on and
turn-off of the switches. For further shortest pulse analyses, the experimental
measurement results with detail pulse parameters are represented in Figure 3.8.

Fig. 3.2. DPO4034 digital oscilloscope screenshot of the shortest electrical pulse
waveform generated by the electroporator (Novickij et al. 2016)
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As seen in the Figure 3.8, the shortest pulse duration (measured at 50% of
Umax) 1S 90 ns (£10%). The minimum pulse duration is limited by the MOSFET
switching characteristics and the parasitic parameters of the circuit. The rise and
fall times (10-90% of Umax) are <30 ns. The proposed synchronized controlled
crowbar circuit ensured fast voltage switching. In addition, the output pulse
waveform of the maximum 3 kV pulse amplitude can be found in following
experimental applications (Novickij, Staneviciené, et al. 2020).

The influence of the controlled crowbar circuit was investigated
experimentally with various resistive loads. The investigation results are
presented in Figure 3.3. As seen in the figure, without the activation of the
controlled crowbar circuit, the pulse fall time depends on the load impedance. In
case of high loads (<500 Q) the pulse fall time would extend from few ns to
hundreds of ns, which is disadvantageous in electroporation. Even in case of
smaller load, the pulse fall time is still affected and is longer than the MOSFET
switch manufacture specified (24 ns) fall time. On the other hand, when the
controlled crowbar is activated, the pulse fall time is only dependent on the
MOSFET switch opening time. Therefore, the pulse fall time is reduced to 18 ns
and the prototype system allows ensuring an identical electric field treatment
intensity independent of the load type (Novickij et al. 2016).
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Fig. 3.3. Falling edge of generated electrical pulse for the cases with and without
crowbar
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The maximum pulse repetition frequency of the device was tested and
experimentally determined as a mean of five measurements. It was determined
that a maximum repetition frequency of 3.5 MHz could be achieved, which is
higher than expected, thus an additional advantage of the system. The 3.5 MHz
pulse burst is shown in Figure 3.5.
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Fig. 3.4. High-frequency burst of 100 ns pulses generated by the developed
electroporator (Novickij et al. 2016)

The maximum pulse repetition frequency is highly influenced by the switch
type. In our case, it was CREE C2M0080120D (Cree Inc., Durham, NC, USA),
which additionally ensures 36 A continuous and 80 A pulsed drain currents.
However, the following maximum current measurement results for single switch,
it was concluded, that the maximum pulsed current value was limited to 60 A for
the support of the 50 Q load (at maximum voltage). In any case, high-energy
pulses are rarely used because of the Joule heating which takes place due to the
high current flow. Therefore, high impedance buffers are preferable and the device
must be capable of generating electrical pulses of identical form independent of
the buffer type, which is relevant in electroporation experiments. Further
switching dynamics can be investigated in advance using the methodology
proposed by Ahmed et al. (Ahmed et al. 2015; Novickij et al. 2016).
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To sum up, it was confirmed that the resulting high-frequency electroporator
is capable of delivering adjustable up to 3 kV pulses with a predefined wide range
of frequency (1 Hz to 3.5 MHZz). The duration of the pulse can be varied in a broad
range: 100 ns — 1 ms (Novickij et al. 2016).

3.2. The Comparison with In-House Built Generators
for nsPEF Electroporation

The developed prototype of high-frequency square-wave electroporation system
can be directly used in a wide range of electroporation applications as well as
contributing to a research of the electroporation phenomenon in the least studied
ranges of electric field strength and frequency. To highlight the novelty, the
developed system is compared with other in-house developed nsPEF generators
following the results Chapter 1 (Figure 3.5).
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Fig. 3.5. The comparison of nsPEF electroporation systems according to the
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Figure 3.5 provides a comparison of in-house built nsPEF electroporation
systems according to the maximum amplitude of generated pulse. It can be seen,
that the majority of devices provides the maximum amplitude in range of few kV,
while few Blumlein type devices can deliver the pulse up to hundreds of kV. The
maximum amplitude of the developed square-wave electroporation system is up
to 3 kV and is marked in red in Figure 3.5. It can be seen, that it is in top three in
the class of direct capacitor discharge-based generators, but does not outstand the
majority of nsPEF electroporation systems.

In most cases, series of pulses are applied for electroporation application,
therefore, the pulse repetition frequency is an important parameter for different
applications. It was mentioned, that high-frequency electroporation systems are
required to reflect the latest findings of the electroporation studies and contribute
to further research of frequency dependence of electroporation phenomena.
Figure 3.6 provides a comparison of in-house built nsPEF electroporation systems
according to maximum repetition frequency of generated pulse.
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As it can be seen in Figure 3.6, the developed high-frequency square-wave
electroporation system, with maximum repetition frequency up to 3.5 MHz, has
the best frequency range in the category of direct capacitor discharge based
electroporators. In addition, the device frequency range is among top four in-
house built nsPEF electroporation systems. Therefore, the extensive range of
frequency variation ensures of the developed system is suitable to investigate the
electroporation frequency dependence in high-frequency range and propose new
electroporation protocols.

Lastly, the potential electroporation application depends on the individual
duration of square-wave pulse. It was indicated, that the majority of
electroporation applications lie in the micro-millisecond range, while in recent
years there is a growing interest to research and apply shorter (submicrosecond
and nanosecond) pulses. Figure 3.7 compares currently in-house built
electroporation systems based on available pulse duration range. It is noticeable,
that about 60% of developed devices were reported with a fixed pulse duration.
This is resulted by the pulse forming circuit design and most common for
transmission line, Blumlein and inductive storage-based systems. Even about 40%
of Marx or modular based nsPEF electroporators were also reported with fixed
pulse duration. Therefore, the nsPEF electroporation system capability to deliver
adjustable range of pulse is a highly desired feature for wide range electroporation
research.

The pulse duration range of developed square-wave electroporation system
can be adjusted from 100 ns to 1 ms. It is highlighted in red color in Figure 3.7.
The shortest pulse duration of the system is one of the shortest among the direct
capacitor discharge-based nsPEF electroporation systems, but falls behind the
majority Blumlein, transmission line and inductive storage devices with shorter,
but fixed (not adjustable) pulse duration. These nsPEF electroporation systems are
specifically designed to deliver less than 100 ns pulses, but most often are not able
to variate the pulse duration due to the switches used (e.g. spar-gap).

The longest pulse duration of the system is equal to 1 ms and place the system
among top three devices, which can deliver both: submicrosecond and millisecond
pulses. Taking into account all range of the pulse duration, it can be seen, that the
developed electroporation system can deliver second widest range of pulse
duration among all in-house built nsPEF electroporation systems.

These results show, that the developed prototype system features the most
advanced pulse forming capabilities in nsPEF range. It confirms, that this system
can be directly used in a wide range of electroporation applications. Thus, help to
reach a deeper understanding of the individual pore formation process, which will
allow better control and optimization of the electroporation protocols. It can also
support research and application of the most popular electroporation protocols
(microsecond range) for biomedical techniques and medical applications.
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3.3. The Validation of the SPICE Model

In this section, a validation of the simulation results of a pulse forming circuit is
provided. The SPICE model (presented in Chapter 2) was validated via a
comparison of the simulation and experimental results obtained from the
prototype system described above.

As a first step of validation, a single compensated output pulse on the load of
100 Q was simulated with the SPICE model under different RC snubber circuit
parameters and compared with the measured single output pulse of the nsPEF
generator prototype system. The PEF generator output signal on the 100 Q load
cuvette was measured using the 1:100 probe and a DPO4034 digital oscilloscope
(Tektronix, Beaverton, OR, USA). To capture the output waveform, the
experimental results were recorded as a mean of five measurements (Butkus et al.
2019). The single pulse comparison results are presented in Figure 3.8.
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Fig. 3.8. The comparison of simulation and experimental results of a single electrical
pulse waveform generated by the PEF generator (Butkus et al. 2019)
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Figure 3.8 shows the measured output pulse of the developed PEF generator
prototype system and two simulation curves with swept snubber resistance. The
single 2.7 kV output pulse waveform at the minimum duration of the existing
nsPEF generator was used for this comparison. As seen in Figure 3.8, the pulse
duration (measured at 50% of the pulse amplitude) was 90 ns (+10%), which was
well adjusted in the SPICE model to match the measurement results to estimate
the pulse rise and fall time matching. A rise time of 28 ns and a fall time of 18 ns
was measured (10-90% of the pulse amplitude). The measured values matched
well with the simulation results, underlining the influence of the controlled
crowbar circuit on output voltage (Butkus et al. 2019).

In addition, as seen in Figure 3.8, the snubber resistance of 10 Q and the
snubber capacitance of 500 pF resulted in a faster turn-off time and better
minimization of the reverse overvoltage. However, the snubber resistance of
0.5 Q with 500 pF snubber capacitance fit better with the measured signal. These
results suggest that the RC snubber circuits used in the prototype system could be
further improved. In any case, the implemented RC circuit helped to suppress a
transient process and limit the reverse overvoltage during the fall time of the pulse.
At the same time, the comparison results indicate that the developed SPICE model
is sufficient for the prototyping of PEF generators (Butkus et al. 2019).

To evaluate the uncertainty of the simulation and experimental results of a
single electrical pulse, the uncertainty evaluation histogram with the confidence
level of two standard deviations (26), as presented in Figure 3.9, was used.
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Fig. 3.9. The comparison of simulation and experimental results of a single electrical
pulse waveform generated by the PEF generator (Butkus et al. 2019)
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The Figure 3.9, presents the histogram composed of 412 simulation and
experimental result deviation sample points. Each sample points represents a
voltage value at the same timestamp. For each of these points, a deviation was
calculated, which were later used to construct a histogram. The bins range of 1%
was chosen with limit of the =30%. Therefore, a vertical axis represents the
frequency of the calculated deviation in each given range.

Figure 3.9 shows, that the largest frequency of deviation clusters is around
the value of 2%, thus, representing the mean value, but more importantly, due to
the inherent error in simulation results, outcomes are scattered about the mean.
The histogram shape is close to the normal distribution and the two vertical lines,
at about £21%, are placed to separate the 95.4% of the comparison data set from
remaining 2.3% for each side. This shows, that the actual uncertainty of simulation
results is £21% (with 95.4% confidence level).

To evaluate the controlled crowbar circuit impact estimated in SPICE model
and actual experimental result, the resulting pulse of the prototype system on the
load of 100 Q with the implemented crowbar circuit is shown in Figure 3.10.
Therefore, the simulation results are in good match with the experimental
measurement, thus validating the impact on the pulse fall time (Butkus et al.
2019).
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Fig. 3.10. Falling edge of generated and simulated electrical pulse for the cases with
and without crowbar (Butkus et al. 2019)
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The developed prototype system of the nsPEF generator was capable of
generating pulses with a frequency up to 3.5 MHz. Figure 3.11 presents the
measured 3 kV output pulse at highest pulse repetition frequency performance of
the developed prototype of the nsPEF electroporation system. It appears that
pulses with a duration of 80 ns (measured on 50% of the pulse amplitude) and a
rise and fall time of 25 ns and 18 ns, respectively, were generated. In addition, the
simulation results of the SPICE model at high-frequency performance is included
for comparison reason.
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Fig. 3.11. Simulation and experimental results of the PEF generator’s high-voltage
submicrosecond output pulses on the load of 100 Q with repetition frequency up to
3.5 MHz (Butkus et al. 2019)

As it can be seen in Figure 3.11, the high-frequency performance simulation
results of the SPICE model were in good agreement with the measured output
signal of the prototype system, except for the peak amplitude of the
experimentally generated pulse. The high frequency and high voltage pulses
creates a thermal impact on the load, which result the change of the electrical
parameters. Therefore, pulse amplitude difference of measured and simulated
results in high-frequency. In any case, the developed SPICE model may be
considered sufficient for analysing transient processes in electroporation systems
and can be used in the prototype design phase of new PEF generators (Butkus
etal. 2019). In addition, the further works could be complemented by the
additional model to reflect the thermal influence and change of the load electrical
parameters during the treatment.
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3.4. The Application of Prototype System for
Electroporation

In this section the application of the developed novel high-frequency
electroporation system for electroporation application is demonstrated. The
electroporator was tested for in vitro inactivation of the human pathogen Candida
albicans using electroporation. C. albicans was isolated from nail specimens in
the Laboratory of Microbiology at the Centre of Laboratory Medicine, Vilnius
University Hospital, Santariskés Clinics and identified by Vitek® 2 systems
(bioMérieux, Marcy-I'Etoile, France). The strain was maintained on Sabouraud
dextrose agar (SDA,; Liofilchem, Roseto degli Abruzzi, Italy) slants at 28 °C. The
suspensions for the treatment were prepared by gently scraping the culture surface
with a sterile glass rod and inoculating the cells into sterile deionized water.
C. albicans cell density for each solution was ODe10 = 0.2. The suspensions were
incubated overnight. Aliquot samples (80 uL) were used for pulsed electric field
treatment.
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Fig. 3.12. Inactivation of C. albicans using electroporation: a) control (C) sample
without PEF treatment; b) control (C) sample after PEF treatment (10100 ps
30 kV/cm); c) colony plate counts (Novickij et al. 2016)
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A burst of ten 30 kV/cm (10 Hz) 100 ps electrical pulses was applied. After
PEF treatment, 3 uL samples were pipetted into 1 uL sterile distilled water and
vortexed. Additional dilution by a factor of 100 was performed for each sample.
Then, 100 uL samples were inoculated onto SDA Petri dishes. The cells were
incubated at 28 °C for 72 h. After incubation, the number of viable cells was
evaluated by calculation of the number of the colony-forming units and was
expressed as a percentage in respect to the control sample (without PEF
treatment). The colonies before and after the treatment are shown in Figure 3.12.

The obtained results demonstrated that the applied electroporation regime can
be successfully used for inactivation of C. albicans in vitro. The colony viability
was reduced to 20% after electroporation. Thus, it was confirmed that the
developed electroporator is suitable for biological experiments and enables a
flexible parametric study of the electroporation process, which was not possible
previously to such an extent (Novickij et al. 2016).

Until the introduction of the new device, the latest electroporation phenomena
studies were limited by the kHz range repetition rate pulses (Silve et al. 2014;
Lamberti et al. 2015). However, it has been shown that even alteration of the
frequency in a narrow 2—30 Hz range creates a changes in the bio-effects of the
high electric field (Lamberti et al. 2015). As a result, the novel high-frequency
square-wave electroporation system allows to investigate and propose new
electroporation concepts. It had already successfully assisted many different
research works, which are summarized in Table 3.1.

As indicated in Table 3.1, the device was successfully used to investigate the
nsPEF effects, which resulted the proposal of new treatment methodologies and
non-viral gene delivery methods proof of concept (Novickij, Rembialkowska, et
al. 2020; Ruzgys et al. 2018; Novickij, Zinkevi¢iené, Perminaité, et al. 2018;
Novickij, Staneviciené, et al. 2020; Novickij, Zinkevic¢iené, Valiulis, et al. 2018;
Novickij, Zinkevi¢iené, Staneviciené, et al. 2018; Novickij, Cesna, et al. 2019),
which confirmed, that nsPEF bursts can be used for eradication of bacteria. The
developed square-wave systems application has also included the research in MHz
pulse repetition frequency range (Ruzgys et al. 2019; Pakhomov et al. 2019). The
authors have successfully used this electroporation system to develop a new
methodology based on high frequency. So far, the system was also used to
investigate the different permeabilization patterns in combination with magnetic
field (Novickij, Zinkevigiené, Valiulis, et al. 2018), calcium (Novickij, Cesna, et
al. 2019) and conventional (Novickij, Lastauskiené, et al. 2018) electroporation
treatments.
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Summarizing the prototype system performance and application results with
the state of art comparison presented in Section 3.2, there are no currently
published (at our knowledge) implementations of high-frequency (MHz range),
high-voltage (up to 3 kV), electroporation systems that are capable of generating
adjustable duration (from 100ns to 1ms) square-wave pulses with load-
independent pulse fall times. The introduction of such high-frequency devices is
advantageous for the study of the submicrosecond electroporation range. Due to
the capacitive properties of the cytoplasm and the dielectric relaxation, the
induced transmembrane potential dependence is not trivial in the high pulse
frequency range (Zou et al. 2015), while the role of the pulse repetition rate in the
nsPEF range is considered to be controversial and requires investigation.

The expansion of the study range by introduction of novel high-frequency
square-wave electroporation system allows investigation of newly proposed
concepts such as electro-desensitization (Silve et al. 2014; Novickij, Svediene,
PaSkevicius, et al. 2018) and helps to extend the understanding of the
electroporation process even further.

3.4. Conclusions of Chapter 3

1. The developed high-frequency square-wave electroporation system
ensures a delivery of adjustable up to 3 kV square-wave electric pulses
with a predefined frequency (1 Hz to 3.5 MHz). The duration of the pulse
can be varied in a range from 100 ns to 1 ms.

2. The proposed synchronized controllable crowbar circuit ensures a
constant pulse fall time, which is independent from the load, thus highly
relevant in electroporation.

3. SPICE model for a pulse forming circuit, which was introduced in
previous chapter, was validated and proved to be in good agreement with
the experimental results with uncertainty of £21% (95.4% confidence
level), for the submicrosecond pulse range.

4. The electroporator showed decent performance in electroporation
experiments for inactivation of the human pathogen C. albicans. It was
shown that a burst of ten 30 kV/cm (10 Hz) 100 us pulses reduced the
colony viability to 20% compared to the untreated samples.



General Conclusions

. A novel high-frequency square-wave electroporation system, which can
deliver adjustable high-amplitude (up to 3 kV) pulses with a predefined
frequency (from 1 Hz to 3.5 MHz), has been developed and presented.
The duration of the pulse produced by the system can be varied in a range
from 100 ns to 1 ms.

. The proposed synchronized controllable crowbar circuit has been proved
to be efficient and capable to ensure a constant 18 ns pulse fall time, which
is independent from the load, thus is highly relevant in electroporation.

. The results of developed simulation model of the high-frequency square-
wave pulse forming circuit are in compliance with experimentally
determined results with uncertainty of £21% (95.4% confidence level).
The model is suitable for the evaluation of the influence of the circuit
parasitic elements and transient processes on the submicrosecond pulse
shape.

. Based on the planar electrodes models results in COMSOL Multiphysics
environment, it can be stated that, the proposed topology of the planar
electrodes is suitable for real-time electroporation, while the 250-350 pm
gap between electrodes ensures homogeneous distribution and electric
field strength more than 1 kV/cm.
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Summary in Lithuanian

Jvadas
Problemos formulavimas

Susidoméjimas biologiniy lasteliy membranos pralaidumo reguliavimu taikant impulsinj
elektrinj lauka, dar vadinamu elektroporacija, jvairiuose taikymo srityse sparciai auga. Dél
Sio fenomeno tarpdisciplininio pobuidzio, specifinis elektroporacijos poveikis ir jo
efektyvumas skirtingose taikymo srityse priklauso nuo elektrinio impulso parametry:
amplitudé, trukmé, elektrinio lauko stiprumas, pasikartojimo daznis, impulso forma ir
pakartojimy skaicius. Visi $ie parametrai turi bati kruopséiai parenkami siekiant
optimalaus taikymo efektyvumo.

Dauguma elektroporacijos protokoly yra sukurti mikrosekundziy diapazono
prietaisams, taCiau pastaruoju metu susiformavo ypatingas mokslinis susidoméjimas
didelés galios ir auksto daznio submikrosekundziy ir nanosekundziy (nsPEF) impulsy
tyrimais dél pirmiausia neterminio poveikio ir galimybés tiesiogiai paveikti lasteliy
vidinius organoidus. Be to, galimybé keisti impulso pakartojimo daZnj placiame
diapazone leidzia istirti elektroporacijos efektyvumo priklausomybe nuo impulsy daZznio
ir sukurti naujus taikymo protokolus. Aukstos jtampos ir auksto daznio elektroporatoriy
trikumas yra viena i§ pagrindiniy priezas¢iy, kodél auksto daznio submikrosekundziy
impulsy elektroporacijos taikymo sritis yra vis dar nepakankamai isnagrinéta.

Pastaryjy keliy mety silicio karbido (SiC) MOSFET technologijos progresas ispléte
$iy jungikliy taikymo galimybes aukStos jtampos ir auksto daznio impulsy diapazone,
kuris atitinka submikrosekundziy ir nanosekundziy elektroporacijos tyrimy reikalavimus.
Sis progresas netrukus lémé naujos konfigiracijos pazangiy ir MOSFET jungikliy
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valdymu pagrijsty submikrosekundziy elektroporatoriy su reguliuojamais impulsy
parametrais vystymo bangg. Nepaisant SiC MOSFET technologijos pazangos, aukstos
itampos impulsy generavimas nanosekundziy impulsy diapazone vis dar yra sudétinga
uzduotis, dél pereinamyjy vyksmy jtakos impulsy formai ir parametrams. Atitinkamai,
apie trecdalis naujai sukurty prietaisy pasizymi prasta impulso formos kokybe, be to
dauguma atvejy impulso galinio fronto kritimo trukmé priklauso nuo tyrime naudojamos
apkrovos varzos.

Darbo aktualumas

Ivairiais elektroporacijos taikymo atvejais elektros impulsai gali bati skirtingos formos.
Individualaus impulso trukmé gali Kisti nuo keliy $imty pikosekundziy iki sekundziy, o
jtampos amplitudé gali kisti nuo keliy mV iki keliy kV. Taikomi skirtingi impulsy
pasikartojimo dazniai — nuo Hz iki keliy GHz. Pasiekti tokj platy impulsy parametry
kitimo spektra naudojant vieng elektroporacijos sistema netikslinga, tad skirtingi prietaisai
naudojami skirtingiems atvejams.

Tuo tarpu, ,,Google Scholar* pateikia daugiau nei 1500 nuorody, susijusiy su aukstos
itampos ir auksto daznio elektroporacijos tyrimais 2019 metais. Tyrimy skaiius nuo
1990 m. nuolat auga ir atspindi didéjantj mokslininky susidoméjima aukstos jtampos ir
auksto daznio elektroporacija. Dél to aukstos jtampos ir auksto daznio elektroporacijos
sistemos su plataus impulso parametry pasirinkimo diapazonu suteikia galimybe iSplésti
taikomyjy tyrimy sritj ir tirti naujus elektroporacijos sukeliamus procesus bei jy praktinj
taikymg. Tad nauja auks$to daznio elektroporacijos sistema prisidés prie §iy tyrimy plétros.
Tokiu budu bus sudaromos galimybés geriau suvokti pavieniy pory formavimo process,
leidZiantj sklandziau kontroliuoti ir optimizuoti elektroporacijos protokolus bei tobulinti
jau egzistuojancius biotechnologinius ir biomedicininius metodus.

Atitinkamai, disertacijoje pateikti rezultatai prisideda prie elektroporacijos taikomyjy
tyrimy plétros ir koordinacijos. Naujai i§vystyta auksSto daznio elektroporacijos sistema,
bus naudojama elektroporacijos tyrimuose biomedicinos srityje.

Tyrimo objektas

Disertacijos tyrimo objektas yra auksto daznio staciakampiy impulsy elektroporacijos
sistema.

Darbo tikslas

Darbo tikslas — sukurti auk$to daznio sta¢iakampiy impulsy elektroporacijos sistemg
istyrus elektriniy impulsy pereinamuosius vyksmus ir jy kompensavimo grandines.

Darbo uzdaviniai

Norint i8spresti iSkelta problema ir jgyvendinti darbo tikslus, suformuluoti Sie uzdaviniai:

1. Pasinaudojus geriausia impulsy formavimo ir pereinamyjy vyksmy
kompensavimo grandiniy praktika, sukurti auk$to daznio staciakampiy impulsy
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elektroporacijos sistemos modelj bei istirti pereinamyjy vyksmy ir grandinés
parazitiniy elementy jtaka generuojamai impulsy formai.

2. Pasitlyti planariy elektroporacijos elektrody topologija pavieniy lasteliy realaus
laiko manipuliacijoms ir pateikti elektrinio lauko pasiskirstymo ir
homogeniskumo tyrimo modelj.

3. Sukurti auk$to daznio submikrosekundziy impulsy elektroporacijos sistemos
prototipa in vitro elektroporacijos tyrimui ir taikymui.

4. Atlikti impulsy formavimo grandinés imitacinio modelio ir sukurto prototipo
eksperimentiniy rezultaty palyginima bei pateikti neapibrézties vertinima.

Tyrimy metodika

Sistemos vystymo ir taikymo metu buvo naudojami skaitiniai ir eksperimentiniai metodai.
Impulsy formavimo grandinés pereinamyjy vyksmy jtaka impulsy formai buvo tiriama
panaudojant SPICE modelj ir LTspice programinj paketa. Planariy elektroporacijos
elektrody elektrinio lauko pasiskirstymo tyrimai buvo atlickami taikant baigtiniy elementy
metodu grista COMSOL Multiphysics programinj pakets.

Mokslinis naujumas

Atliekant darbe apraSytus tyrimus buvo gauti Sie elektros ir elektronikos inZzinerijos
mokslui nauji rezultatai:

1. Sukurtas auksto daznio submikrosekundziy impulsy elektroporacijos sistemos
modelis, tinkamas impulso formavimo pereinamyjy vyksmy bei grandinés
parazitiniy elementy tyrimams atlikti.

2. Pasitlyta planariy elektrody topologija realaus laiko elektroporacijos taikymui ir
sukurtas elektrinio lauko pasiskirstymo ir homogeniskumo tyrimo modelis.

3. Pasitta valdoma Kirtiklio pakopa uztikrina nuo apkrovos nepriklausomg galinio
fronto kritimo trukme.

4. Sukurtas elektroporacijos sistemos prototipas, generuojantis impulsus, kuriy
amplitudé, daznis ir impulso trukmé gali biiti valdoma atitinkamai nuo 0 kV iki
3 kV, nuo 1 Hz iki 3,5 MHz ir nuo 100 ns iki 1 ms diapazonuose.

Darbo rezultaty praktiné reikSmé

Sukurta nauja auks$to daznio submikrosekundziy impulsy elektroporacijos sistema, galinti
generuoti aukstos jtampos (iki 3 kV), pasirenkamos trukmés (nuo 100 ns iki 1 ms) ir
daznio (nuo 1 Hz iki 3,5 MHz) sta¢iakampius impulsus (nuo 1 iki 100), o pasitlyta
valdoma kirtiklio pakopa uztikrina nuo apkrovos varzos nepriklausomg impulso galinio
fronto kritimo trukme. Si savybé itin svarbi atliekant elektroporacijos tyrimus ir
uztikrinant perduodamos energijos kontrole.

Sukurta auk$to daZnio staciakampiy impulsy elektroporacijos sistema buvo
sékmingai i§bandyta ir kartu su Gamtos tyrimy centro mokslininkais pritaikyta nagrinéjant
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elektrinio lauko poveikj biologiniams objektams. Taikomyjy tyrimy metu
pademonstruota, kad nauja sistema suderinama ir gali biiti naudojama su standartinémis
komercinémis eletroporacijos kiuvetémis.

Sukurta nauja auk$to daznio submikrosekundziy staciakampiy impulsy
elektroporacijos sistema jgalina tolimesnius elektroporacijos reiskinio tyrimus §iuo metu
maziausiai iSnagrinétame elektros impulsy daznio ir stiprio diapazone.

Ginamieji teiginiai
1. Pasitlytas impulsy formavimo grandinés imitacinis modelis yra tinkamas
pereinamyjy procesy analizei ir pateikia generuoty elektriniy impulsy parametry
rezultatus su  +21% (954 %  pasikliovimo lygis) neapibréZtimi
submikrosekundziy impulsy diapazone.

2. Sukurta auk$to daznio elektroporacijos sistema gali uztikrinti 18 ns impulso
galinio fronto kritimo trukme, kuri yra nepriklausomos nuo apkrovos varzos.

3. Sukurta impulsy formavimo grandiné gali generuoti aukstos jtampos (iki 3 kV),
pasirenkamos trukmés (nuo 100 ns iki 1 ms) ir daznio (nuo 1 Hz iki 3,5 MHz)
staciakampius impulsus.

4. Pasitlyta planariy elektrody topologija uztikrina daugiau nei 1 kV/cm elektrinio
lauko stiprj ir homogeniskumg realaus laiko pavieniy lasteliy elektroporacijos
tyrimams.

Disertacijos aprobavimas

Disertacijos tema paskelbti 6 moksliniai straipsniai: trys — recenzuojamuose mokslo
zurnaluose, jtrauktuose j Clarivate Analytics Web of Science duomeny baze (Novickij
etal. 2016; Butkus et al. 2019; Butkus, Murauskas, et al. 2020), du tarptautiniy
konferencijy medziagose, jtrauktose j Clarivate Analytics Web of Science ,,Conference
Proceedings® duomeny bazg (Butkus et al. 2017; Butkus, Tolvaisiene 2020), vienas —
mokslo zurnale, referuojamame kitose tarptautinése duomeny bazése (Butkus 2018).

Disertacijoje atlikty tyrimy rezultatai buvo paskelbti deSimtyje moksliniy
konferencijy Lietuvoje ir uzsienyje:

— 20-ojoje Jaunyjy mokslininky konferencijoje ,,Mokslas — Lietuvos ateitis.
Elektronika ir elektrotechnika . 2017. Vilnius, Lietuva.

— 60-oje tarptautingje fizika ir gamtos moksly studenty ir jaunyjy mokslininky
konferencijoje “Open Readings 2017”. 2017. Vilnius, Lietuva.

— VGTU Elektronikos fakulteto seminary cikle. 2017. Vilnius, Lietuva;

— Tarptautinéje konferencijoje IEEE 5th Workshop on “Advances in Information,
Electronic and Electrical Engineering (AIEE) ”. 2017. Riga, Latvija.

— KTU nacionalinéje ,,PhD week” konferencijoje “What do PhD students do?”.
2018. Kaunas, Lietuva.
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— Antrojoje tarptautinéje elektros, elektronikos ir informatikos moksly
konferencijoje “eStream 2018 . 2018. Vilnius, Lietuva.

— 21-ojoje Jaunyjy mokslininky konferencijoje ,,Mokslas — Lietuvos ateitis.
Elektronika ir elektrotechnika . 2018. Vilnius, Lietuva.

— 62-oje tarptautingje fizika ir gamtos moksly studenty ir jaunyjy mokslininky
konferencijoje “Open Readings 2019”. 2019. Vilnius, Lietuva.

— TreCiojoje tarptautinéje elektros, elektronikos ir informatikos moksly
konferencijoje “eStream 2019. 2019. Vilnius, Lietuva.

— Tarptautinéje konferencijoje IEEE 7th Workshop on “Advances in Information,
Electronic and Electrical Engineering (AIEE)”. 2019. Liepoja, Latvija.

Disertacijos struktura

Disertacija sudaro: jvadas, trys pagrindiniai skyriai, bendrosios iSvados, literatiiros
sara$as, autoriaus publikacijy disertacijos tema saraSas ir santrauka lietuviy kalba.

Disertacijos apimtis — 125 puslapiy, kuriuose pateikiamos 40 paveikslai, 1 formulé
ir 8 lentelés. Disertacijoje panaudoti 209 literatiiros Saltiniai.

Padéka

Sis darbas buvo atliktas naudojantis Vilniaus Gedimino technikos universiteto Stipriy
magnetiniy lauky instituto (Vilnius, Lietuva) ir Gamtos tyrimy centro Biodestruktoriy
tyrimo laboratorijos (Vilnius, Lietuva) infrastruktiira.

Noriu padékoti savo vadovei doc. dr. Sonatai TolvaiSienei uz didziulg parama
zengiant i priekj. Ypatingos padékos nusipelno dr. Vitalij Novickij ir dr. Audrius Grainys
uz i$skirting pagalbg ir suteiktus patarimus disertacijos rengimo metu. Taip pat noréciau
padékoti visiems savo kolegoms i§ Elektros inZinerijos katedros ir Valstybinio moksliniy
tyrimy instituto Fiziniy ir technologijos moksly centro uz skirtg brangy laika vertingoms
diskusijoms disertacijos temomis. Doktorantiiros studijy metu mano sukauptos mokslo,
profesinés ir specifinés kompetencijos yra jusy visy indélio rezultatas.

Esu itin dékingas savo Seimai uz suteiktg palaikymag visus $iuos metus.

1. Impulsiniy elektriniy lauky generavimo ir taikymo apzvalga

Susidoméjimas biologiniy lasteliy membranos pralaidumo reguliavimu jvairiuose
taikymo srityse sparéiai auga. Elektroporacijos metu elektros impulsai sukelia lipidy
perorientavima ir pory susidaryma lastelés membranoje, dél kurio padidéja membranos
pralaidumas ir jvairiy subjekty jterpimo j lastele galimybés. Priklausomai nuo impulsy
jtampos ir trukmés gaunamas skirtingas elektroporacijos poveikis ir praktinis taikymas.
Norint optimizuoti elektroporacijos efektyvuma, turi buti kruop$¢iai parinkta ne tik
impulsy amplitudé ir trukmé, bet ir impulsy pasikartojimo daznis, impulso forma ir
naudojamy impulsy skaiCius. Jvairiais elektroporacijos taikymo atvejais visi $ie
parametrai skiriasi. Naudojamos skirtingos impulso formos, o individualaus impulso
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trukmé gali varijuoti nuo keliy Simty pikosekundziy iki sekundziy, jtampos amplitudé gali
kisti nuo keliy mV iki keliy KV. Taip pat naudojami skirtingi impulsy pasikartojimo
dazniai — nuo Hz iki keliy GHz. Pasiekti tokj platy impulsy parametry kitimo spektra
naudojant vieng elektroporacijos sistema netikslinga, tad skirtingi prietaisai naudojami
skirtingiems atvejams.

Atlikus Siuolaikiniy impulso parametry poreikio analize¢ elektroporacijos tyrimy
srityje nustatyta, kad S$iuo metu yra didZiausias poreikis elektroporacijos sistemos,
sugebancios generuoti plataus spektro ir kontroliuojamy parametry staiakampius
impulsus, kuriy amplitudé gali siekti iki keliy kilovolty, o pasikartojimo daznis iki MHz
eilés. Impulsy trukmeé turéty varijuoti nuo Simty nanosekundziy iki milisekundziy.
Elektroporacijos tyrimy metu taip pat svarbu uztikrinti ne tik $iy parametry kontrole, bet
ir pastovig sta¢iakampio impulso forma, kuri lemia perduodamos energijos kiekj. Kadangi
eksperimento metu gali kisti skirtingy méginiy varzos, svarbu, kad naudojamo impulso
galinio fronto kritimo trukmé (t. y. perduodamos energijos kiekis) nepriklausyty nuo
apkrovos dydzio. Tokio tipo sistema suteikia galimybes atlikti plataus diapazono tyrimus
padengiant tiek daznai taikomas, tiek ir maziausiai iStirtas elektroporacijos sritis.

Siekiant parinkti tinkamiausia impulsy formavimo grandinés koncepcija, atlikta iy
koncepcijy apzvalga. Remiantis energijos kaupimo buidais, impulsy generatorius galima
suskirstyti j tris grupes: tiesioginés kondensatoriaus iskrovos grandinés, perdavimo linijos
iSkrovos grandinés ir indukcinio klaupimo iskrovos grandinés. Kiekvienas i§ jy turi
privalumy ir trikumy, taciau bendru atveju visos gali biiti panaudotos auksto daznio
submikrosekundziy impulsy generavimui.

Kita vertus, tiesioginés kondensatoriaus iSkrovos grandinés pasizymi kokybiskesne
impulso forma, o IGBT arba MOSFET jungikliai suteikia galimybe lengvai keisti impulsy
trukme ir pasikartojimo daznj. Maza to, pastaryjy keliy mety silicio karbido (SiC)
MOSFET technologijos progresas i$plété $iy jungikliy taikymo sritj, kuri dabar taip pat
apima aukstos jtampos ir auk$to daznio impulsy diapazong, t. y. atitinka
submikrosekundziy ir nanosekundziy elektroporacijos tyrimy reikalavimus.

Sis progresas netrukus lémé naujos konfigiiracijos pazangiy ir MOSFET jungikliy
valdymu pagristy submikrosekundZziy elektroporatoriy, su reguliuojamais impulsy
parametrais, vystymo bangg. Taéiau, nepaisant SIC MOSFET technologijos paZzangos,
aukstos jtampos impulsy generavimas submikrosekundziy impulsy diapazone vis dar yra
sudétinga uzduotis, dél pereinamyjy vyksmy ir jungikliy sinchronizacijos jtakos, kuri
neigiamai veikia impulsy forma ir parametrus. Atitinkamai, apie trecdalis naujai sukurty
prietaisy pasizymi prasta impulso formos kokybe bei dauguma atvejy impulso galinio
fronto kritimo trukmé priklauso nuo tyrime naudojamos apkrovos varzos.

Kiekvienu impulsy formavimo grandinés atveju individualios pereinamyjy vyksmy
kompensavimo grandinés turi biiti kruops¢iai parinktos, siekiant uztikrinti auksta impulsy
formos kokybe, o integruota valdoma kirtiklio pakopa gali padéti uztikrinti impulsy
galinio fronto kritimo trukmés nepriklausomybg nuo apkrovos varzos.

Apibendrinant, pirmajame disertacijos skyriuje pateikiama mokslinés literatiiros
impulsy elektriniy lauky poveikis. Taip pat, apzvelgiami submikrosekundziy ir
nanosekundziy elektriniy impulsy generatoriai, juy koncepcijos, ir auksto daznio grandiniy
pereinamasis procesas bei jy kompensacijos grandinés. ISnagrinéti skirtingi
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elektroporacijos sistemy privalumai ir trikumai. Skyriaus pabaigoje suformuluotas
pagrindinis tyrimo tikslas ir uzdaviniai.

2. Elektroporacijos sistemos imitacinis modelis

Antrajame darbo skyriuje nustatyti tiksliis impulsy formavimo grandinés reikalavimai ir
parinkta grandinés tipologija. Remiantis $iais kriterijais sudarytas detalus grandinés
SPICE (angl. Simulation Program with Integrated Circuit Emphasis) modelis ir
panaudojant LTspice programinj paketa atlikta parazitiniy grandinés elementy bei
pereinamyjy vyksmy jtakos impulsy formai analizé. Remiantis gautais rezultatais
parinktos optimalios kompensacinés grandinés vertés.

Norint sudaryti optimaliag impulsy formavimo grandinés schema ir jos elementus,
reikia aiskiai apibrézti reikalavimus impulsams. Remiantis pragjusio skyriaus rezultatais
buvo nuspresta, kad pageidaujama elektroporacijos sistema turi biiti kompaktiska,
pasizyméti auksta staciakampio impulso formos kokybe bei uztikrinti priekinio fronto
kilimo ir galinio fronto kritimo trukmiy nepriklausomybe nuo naudojamos apkrovos.
Sistema taip pat turi uztikrinti plataus diapazono impulso parametry pasirinkima,
suteikiant galimybe keisti impulso trukme¢ nuo 100 ns iki 1 ms, impulsy pasikartojimo
daznis — nuo 1 Hz iki 1 MHz, jtampos amplitudé nuo 0 kV iki 3 kV. Irenginys turi
pasizyméti didelés galios impulsais ir atlaikyti iki 60 A impulso srove. Remiantis
nustatytais parametrais sudarytos impulsy formavimo grandinés SPICE modelis
pavaizduotas S2.1 paveiksle.

Granding sudaro nuolatinés jtampos $altinis V, $esi auksto daznio ir aukstos jtampos
C2M0080120D SiC MOSFET tranzistoriniai raktai SW1-SW6, apkrovos varza Rioap ir
pereinamyjy vyksmy kompensavimo grandinés, susidedancios i§ vir§sroviy ir vir§jtampiy
ribojan¢ios RC grandinés (Rsi—Rss, Csi—Css), bei atgaling srove kompensuojancios
trumpikliy grandinés D1-D6. Visy Sesiy rakty valdymas atliekamas mikrovaldiklio
pagalba su MOSFET tranzistoriniais raktais sujungtais per atitinkamai $e$is DR1-DR6
transformatorius imituojancius valdiklius uztikrinancius rakty galvaniska atskyrimg ir
Sesias jtampa ribojancias varzas Rpri—Rprs. Parazitiniy elementy jtaka aproksimuota kaip
Lp ir Cp.

Varijuojant apkrovos, parazitiniy elementy ir kompensavimo grandiniy komponenty
vertes buvo parinkti optimaliis kompensavimo grandiniy komponentai ir jy parametrai
uztikrinantys staciakampio impulso formos kokybe ir nepriklausomuma nuo skirtingos
apkrovos. Staciakampio impulso formos palyginimas prie§ ir po kompensuojanciy
grandiniy panaudojimg pavaizduotas S2.2 paveiksle.

Siekiant uztikrinti impulso galinio fronto kritimo trukmés nepriklausomybe nuo
apkrovos, j impulsy formavimo granding buvo integruota valdoma kirtiklio pakopa (raktai
SW5-SW6). Sios pakopos jtaka impulso galinio fronto kritimo trukmei pavaizduota
S2.3 paveiksle. Matoma, kad tokia konfigiracija uztikrina impulso formos
nepriklausomybe nuo naudojamos apkrovos ir Zenkliai sutrumpina impulso galinio fronto
kritimo trukme esant dideléms apkrovoms.
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Skyriuje taip pat diskutuojama planariy elektroporacijos elektrody panaudojimo
perspektyvos ir poreikis. Pasitiloma planariy elektroporacijos elektrody topologija realaus
laiko in vitro elektroporacijos taikymui. Panaudojant COMSOL Multiphysics programinj
paketa sudaromas elektroporacijos elektrody imitacinis modelis ir atlieckamas elektrinio
lauko pasiskirstymo tyrimas taikant baigtiniy elementy metoda.

S2.4 pav. Supaprastintas 3D planariy realaus laiko elektroporacijos elektrody
(kairéje) ir laisvojo tetraedrinio tinklelio elektrinio lauko tyrimams baigtiniy elementy
metodu (desingje) topologijos

Pasitlyta planariy elektrody topologija realaus laiko elektroporacijos taikymams
pavaizduota S2.4 paveiksle. Vertinamos skirtingos elektrody iSmatavimy ir atstumy
vertés. Remiantis gautais rezultatais pasitiloma optimali elektrody topologija, sudaranti
galimybes pavieniy Igsteliy manipuliacijoms ir tuo pat metu uztikrinanti elektrinio lauko
homogeniskumg Igsteliy poveikio zonoje.

Elektrinio lauko stipris, kV/cm

S2.5 pav. Elektrinio lauko pasiskirstymo rezultaty pavyzdys tarp dviejy 350 pm
atstumu nutolusiy planariy elektrody pory YZ (virSuje) ir XY (apacioje) plokstumose
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Elektrinio lauko pasiskirstymo modeliavimo rezultaty pavyzdys tarp dviejy planariy
elektrody pory YZ ir XY plokS§tumose pateiktas S2.5 paveiksle. Kadangi elektrodai
reprezentuoja identiskas poras, pateikiama tik vienos poros elektrinio lauko pasiskirstymo
rezultatai, taciau Sie rezultatai yra analogiski ir antrajai elektrody porai.

Atstumas tarp S2.5 paveiksle vaizduojamy elektrody yra 350 um, o naudojama
itampa — 30 V. Keiciant atstumg tarp elektrody buvo tiriamas elektrinio lauko
pasiskirstymas. Buvo nustatyta, kad optimalios elektrody topologijos atveju tarpas tarp
atskiry elektrody tiri biti 250-350 um ruoze. Tokiu atveju uztikrinamas elektrinio lauko
homogeniskumas bei pasieckiamas kompromisas tarp naudojamos jtampos (mazesnés nei
100 V) ir gaunamo elektrinio lauko stiprio (daugiau kaip 1kV/cm), bitino
elektroporacijos procesui biologiniuose méginiuose inicijuoti.

3. Elektroporacijos sistemos sukirimas ir tyrimas

Treciajame skyriuje pateikiamas auksto daznio staciakampiy impulsy elektroporacijos
sistemos prototipo sukiirimas ir atlickamas jrangos testavimas. Eksperimentu nustatomos
tikrosios impulso parametry vertés, kurios sulyginamos su analogis$ky prietaisy
parametrais.

L e

- —— Eksperimentinis matavimas su kiuvete -
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S3.1 pav. Auksto daznio elektroporacijos sistemos prototipo trumpiausio iSmatuoto
impulso bangos forma ir jos veréiy sulyginimas su modeliavimo rezultatais (Butkus
et al. 2019)
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Siame skyriuje taip pat atlickamas antrame skyriuje pristatymo impulsy formavimo
grandinés imitacinio modelio rezultaty palyginimas su eksperimentiniais ir atlickamas
neapibrézties vertinimas. Atliekami taikomieji elektroporacijos tyrimai, kuriy metu
pademonstruocjama naujos sistemos tinkamumas elektroporacijos tyrimams ir
suderinamumas su standartinémis komercinémis eletroporacijos kiuvetémis.

Sukurtas elektroporacijos sistemos prototipas pasizymi kompaktiskais matmenimis
(18x29%22 c¢m) bei pasizymi mazu bendros impulsy formavimo grandinés parazitiniu
induktyvumu. Eksperimentiniy tyrimy metu nustatytos sistemos generuojamy
staciakampiy impulsy parametry ribinés vertés, kurios buvo matuojamos naudojant DPO
4034 skaitmeninj osciloskopa su 100:1 auks$tos jtampos ir daznio zondu. Galutinés
eksperimentu nustatytos impulso parametry vertés pateikiamos kaip penkiy matavimy
vidurkis. Tokiu biidu i8matuoto trumpiausio impulso forma pavaizduotas S3.1 paveiksle.

Kaip matyti S3.1 paveiksle, trumpiausia impulso trukmé (matuojama 50 % Umax) Yra
90ns (+10%). Minimalia impulsy trukme riboja MOSFET rakto perjungimo
charakteristikos ir grandinés parazitiniai parametrai. Pasiiilyta valdoma Kirtiklio pakopa
uztikrino maZzas impulso priekinio fronto kilimo ir galinio fronto kritimo trukmes, kurios
(matuojamos tarp 10-90 % Unmax) atitinkamai siekia 28 ns ir 18 ns.

Siekiant nustatyti imitacinio modelio paklaidg buvo atliktas palyginimas tarp
imitacinio modelio rezultaty ir eksperimentiskai iSmatuoty trumpiausio impulso veréiy
(S3.1 pav.). Nustatyta, kad pasitilytas impulsy formavimo grandinés imitacinis modelis
yra adekvatus sukurtos elektroporacijos sistemos prototipo eksperimenti§kai nustatytiems
rezultatams ir leidzia modeliuoti generuojamy elektriniy impulsy parametrus su
neapibréztimi nevirSijancia £21 % (95,4 % pasikliovimo lygis).

Pasitilytos valdomos kirtiklio pakopos jtakos impulso galinio fronto kritimo trukmei
eksperimentiniai rezultatai pavaizduoti S3.2 paveiksle. Kaip matyti paveiksle,
neaktyvavus valdomg kirtiklio pakopa, impulso galinio fronto kritimo trukmé priklauso
nuo apkrovos varzos. Tuo tarpu, aktyvavus valdoma kirtiklio pakopa, impulso galinio
fronto kritimo trukmé tampa nepriklausoma nuo apkrovos varzos ir Zenkliai sumazéja.
Tokiu biidy elektroporacijos tyrimy metu leidziama uztikrinti vienodg elektrinio lauko
intensyvumg nepriklausomai nuo apkrovos.

Bendru atveju, atlikus visy auk$to daznio elektroporacijos sistemos parametry
matavimus, nustatyta, kad sistema gali generuoti aukStos jtampos (iki 3 kV),
pasirenkamos trukmés (nuo 100 ns iki1 ms) ir daznio (nuo 1 Hz iki 3,5 MHz)
sta¢iakampius impulsus (nuo 1 iki 100), o maksimali grandinés impulso srové gali siekti
iki 60 A.

Siekiant pademonstruoti naujos sistemos tinkamumg elektroporacijos tyrimams,
buvo atlikti elektroporacijos taikomieji in vitro tyrimai su Candida albicans gryby
lastelémis naudojant standarting 1 mm elektroporacijos kiuvete. Taikomyjy tyrimy metu
pademonstruota, kad paveikus Candida albicans gryby lasteles desSimtimi (10 Hz) 100 ps
trukmés ir 30 kV/cm elektrinio lauko stiprio (3 kV amplitudés) impulsais, bendras
kolonijos gyvybingumas sumazéjo iki 20 %. Taigi buvo patvirtinta, kad sukurta auksto
daznio elektroporatocijos sistema suderinama su standartinémis komercinémis
eletroporacijos kiuvetémis ir yra tinkama in vitro elektroporacijos tyrimams.
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S3.2 pav. Valdomos kirtiklio pakopos jtakos impulso galinio fronto kritimo trukmei
eksperimentiniai rezultatai (Novickij et al. 2016)

Plataus spektro impulso parametry pasirinkimas leidzia naudoti sistemg plac¢iame
elektroporacijos tyrimy diapazone i$pleciant taikomyjy tyrimy sritj. Remiantis turimomis
ziniomis, darbe pateikta elektroporacijos sistema yra pirmoji, kuri pasizymi nuo apkrovos
nepriklausomy staciakampiy, auks$to daznio (iki MHz eilés), aukstos jtampos (iki 3 kV),
plataus diapazono trukmiy (nuo 100 ns iki 1 ms) impulsy generavimu. Atitinkamai,
elektroporacijos sistema suteikia galimybe tirti elektroporacijos reiskinj tieck maziausiai
iStirtuose elektrinio lauko stiprio ir daznio diapazonuose, tiek jprastame elektroporacijos

taikymy diapazone.

Bendrosios iSvados

1. Sukurta nauja auksto daznio sta¢iakampiy impulsy elektroporacijos sistema, kuri

gali generuoti aukstos jtampos (iki 3 kV), pasirenkamos trukmés (nuo 100 ns iki
1 ms) ir daznio (nuo 1 Hz iki 3,5 MHz) staiakampius impulsus.

. Pasiiilyta sinchronizuotai valdoma kirtiklio pakopa yra efektyvi ir uztikrina
statiakampio impulso galinio fronto kritimo 18ns trukme, Kkuri yra
nepriklausoma nuo naudojamos apkrovos varzos.

. Nustatyta, kad pasidalyto auk$to daznio stadiakampiy impulsy formavimo
grandinés imitacinio modelio rezultatai atitinka eksperimentiskai nustatytus
rezultatus su neapibréztimi nevir$ijanc¢ia +21 % (95,4 % pasikliovimo lygis).
Pasitilytas imitacinis modelis yra tinkamas vertinti pereinamyjy vyksmy ir
grandinés parazitiniy elementy jtaka submikrosekundziy impulsy formai.

Remiantis planariy elektrody modelio, sudaryto COMSOL Multiphysics
programine jranga, rezultatais nustatyta, kad pasiiilyta planariy elektrody
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topologija yra tinkama realaus laiko elektroporacijos tyrimams, 0 250—350 um
tarpas tarp elektrody uztikrina daugiau nei 1 kV/cm stiprio ir homogeniska
elektrinio lauko pasiskirstyma.
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