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1 PRESENTATION OF THE PROBLEM AND HYPOTHESES

Electroporation (also called electropermeabilization or pulsed electric field treatment) is the
phenomenon of increased cell membrane permeabilization due to exposure of cells/tissues
to short high-voltage electric pulses which allows transmembrane transport of otherwise
impermeant molecules (Kotnik et al., 2019). Electroporation is universal: it applies to all cell
types (eukaryotic, bacterial, and archaeal) in any cell arrangement (in suspension, adherent
to the surface, in clusters, or in tissue). Apart from cells it can also be observed in any other
bilayer membrane system such as planar lipid bilayers, lipid vesicles, and polymeric vesicles
(Rems and Miklav¢ic, 2016).

The current explanation of electroporation is based on the formation of water pores in the
lipid bilayer as the main underlying mechanism. Molecular dynamics simulations indicate
that the formation of the pore starts with the orientation of the polar molecules (water
molecules, membrane phospholipids, ...) in the direction of the electric field. The orientation
of polar molecules occurs very rapidly, in the range of a few picoseconds and is followed in
the next microseconds by the redistribution of charges (ions in the intracellular and
extracellular solution) so that they accumulate on both sides of the membrane (Tieleman,
2004; Tarek, 2005).

Water molecules oriented in the direction of the electric field connect together by hydrogen
bonding to form small clusters. These clusters, called water fingers, grow in size and
gradually penetrate the hydrophobic core of the lipid bilayer from the intracellular and
extracellular sides until they come together and connect the two sides, forming a water
column. Phospholipids in contact with the water molecules reorient by turning their polar
heads toward the water column to “shield” the nonpolar tails from water molecules. The
reorientation of the phospholipids stabilizes the pore, allowing more water molecules (and
other polar molecules) to enter the water column (Tieleman, 2004; Tarek, 2005). When the
electric field is no longer present, the pores begin to close. The closing of the pores occurs
in reverse order to the analogous phases of pore formation (Kotnik et al., 2019).

While the time required for pore formation decreases exponentially with increasing electric
field strength, the time required for pore closure is virtually independent of the electric field
strength that triggered their formation - pore closure in lipid bilayers always takes a few tens
to a few hundreds of nanoseconds in molecular dynamics simulations, suggesting that the
pores are not stable (Levine and Vernier, 2010; Bennett et al., 2014). The estimated time
required for the pores to close in the simulations is, however, several orders of magnitude
shorter than the experimentally determined time required for membrane resealing (i.e., the
time during which increased transmembrane transport is observed). In experiments,
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increased permeability of the cell membrane was still observed minutes to hours after the
electric field was no longer present, even when using pulses with a duration of only a few
nanoseconds (Lopez et al., 1988; Teissi¢ and Rols, 1994; Pakhomov et al., 2009) and was
noted that it is temperature dependent (Teissi¢ and Rols, 1994; Pakhomov et al., 2007b,
2007a; Pucihar et al., 2008; Muralidharan et al., 2021).

Electroporation pulses trigger the formation of extracellular and intracellular reactive
oxygen species (ROS) (Gabriel and Teissié, 1994, 1995; Maccarrone et al., 1995b, 1995a;
Nuccitelli et al., 2013). Oxidation of lipids due to exposure to electrical pulses, as those used
in electroporation, alters the composition and properties of both lipid bilayers and cell
membranes. Chemical changes in membrane lipids, particularly peroxidation, could explain
the longer-lasting increased permeability of cell membranes observed experimentally after
electroporation.

Lipid peroxidation is the oxidative degradation of lipids. It involves the formation and
degradation of dioxygen adducts of unsaturated lipids called lipid hydroperoxides. The
reaction is initiated by a strong oxidant (e.g., a hydroxyl radical) that sequesters the weakly
bound allylic hydrogen from the lipid. Further degradation of hydroperoxides (the primary
products of lipid peroxidation) produces many secondary products, e.g. aldehydes, ketones,
alcohols, hydrocarbons, esters, furans, lactones, peroxides. The presence of oxidized lipids
decreases the lipid order and leads to the lateral expansion and thinning of the bilayer, lowers
the phase transition temperature, alters the hydration of the bilayer, increases the mobility of
lipids and the frequency of flip-flop of lipids, affects the lateral phase organization, and
promotes the formation of structural defects in membranes. Therefore, bilayers with oxidized
lipids are significantly more permeable and conductive than non-oxidized bilayers (Sabatini
et al., 2006; Wong-Ekkabut et al., 2007; Vernier et al., 2009; Runas and Malmstadt, 2015;
Rems et al., 2019). It has been shown that the ROS concentration and extent of lipid
peroxidation increase with increasing electric field intensity, pulse duration and pulse
number in bacterial, plant, and animal cells, as well as in liposomes, and that lipid
peroxidation is associated with increased cell membrane permeability, time required for
membrane resealing, and cell damage (Benov et al., 1994; Gabriel and Teissi€, 1994, 1995;
Maccarrone et al., 1995b, 1995a; Breton and Mir, 2018).

Hydroperoxides (primary products of lipid peroxidation) are stable enough to be present in
the lipid bilayer for some time after oxidation. In molecular dynamics simulations, even a
small amount (about 1%) of hydroperoxides affects the conductivity of the bilayer. However,
the increase in conductivity, i.e., permeability of the lipid bilayer to ions, due to the presence
of hydroperoxides alone is too small to fully explain the experimentally determined values
(Rems et al., 2019). On the other hand, phospholipids with aldehyde groups on acyl tails
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(secondary products of phospholipid peroxidation) disrupt the lipid bilayer more than
hydroperoxides. In both experiments and molecular dynamics simulations, a significant
increase in membrane permeability was observed due to the presence of phospholipids with
aldehyde groups, as well as the spontaneous organization of aldehydes into pores (Wong-
Ekkabut et al., 2007; Cwiklik and Jungwirth, 2010; Lis et al., 2011; Boonnoy et al., 2015;
Runas and Malmstadt, 2015; Van der Paal et al., 2016; Wiczew et al., 2021). The pores
formed as a result of the presence of lipid peroxidation products are not the same as those in
a non-oxidized lipid bilayer under the influence of an electric field. In molecular dynamics
simulations, pores formed from lipid peroxidation products with aldehyde groups remained
open for several microseconds, and in the presence of cholesterol even longer — for the entire
duration of the simulation (i.e. 5 us) (Wiczew et al., 2021).

Evidence for the effect of electroporation on proteins and its role in increasing membrane
permeability can also be found in the literature. Electroporation causes reversible disruption
of the three-dimensional filamentous structures of actin, tubulin, and intermediate filaments,
but not degradation of monomeric proteins of cytoskeleton. Cytoskeletal proteins (actin
filaments, intermediate filaments and microtubules) and related proteins affect membrane
permeability - the formation and expansion of membrane pores and membrane resealing
after electroporation (Graybill and Davalos, 2020). Submicrosecond pulses cause the
opening of voltage-gated calcium channels via a mechanism that involves no formation of
pore in the lipid part of the membrane, no heating, and no membrane depolarization via
voltage-gated sodium channels (Craviso et al., 2010; Semenov et al., 2015; Burke et al.,
2017). Microsecond pulses have been shown to open the Na+/K+-ATPase. In molecular
dynamics simulations, pore formation was observed in the voltage-sensing domains of
various voltage-gated channels when electric fields that induce electroporation were used
(Rems et al., 2020; Ruiz-Fernandez et al., 2021). Unfolding of the voltage-sensing domain
and stabilization of the pore by membrane lipid heads followed the formation of the pore.
Interestingly, such pores remained stable even significantly longer than pores formed in the
lipid part of the membrane. It was concluded that the protein channel cannot spontaneously
refold to its original conformation in case of a major perturbation of its native conformation
(Rems et al., 2020).

Formation of pores in the lipid part of the membrane, chemical changes in membrane lipids
and modulation of protein structure and function are all generally recognized as underlying
mechanisms of increased membrane permeability observed during electroporation
(Figure 1), however, they are not the only effects of electroporation on cells. Electroporation
causes also influx of Ca?" into the cytoplasm from the extracellular space and from internal
stores, efflux of ATP and K from the cell, depolarization, osmotic imbalance and cell
swelling, release of damage-associated molecular pattern (DAMP) molecules, activation of
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various signaling pathways, changes in gene expression and synthesis of proteins, which
activates various repair mechanisms, and can induce cell death, among other effects. All
these changes in the permeabilized cell membrane, as well as all subsequent processes that
are still active even when the increased permeability of the cell membrane is no longer
observed, are referred to as the electropermeome (Sozer et al., 2017)
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Figure 1: Schematic representation of the mechanisms of electroporation. (a) Formation of aqueous pores in
the lipid bilayer due to the presence of an electric field. The process is shown here in only two stages for
simplicity. First, a water column is formed. Second, the adjacent phospholipids reorient so that their polar
heads face the water columns and form a metastable pore. (b) Electric pulses cause chemical changes in
membrane lipids, including lipid peroxidation. This increases the permeability of the bilayer to water, ions,
and other small molecules. (c) Electrically induced modulation of membrane protein structure and function is
illustrated here for a voltage-gated channel. Electroporation causes opening of the channel and changes its
native structure so that the channel can no longer perform its function. The electric field (E) is represented by
red line arrows on the left side of the image, where the length of the line arrows corresponds to the electric
field strength (i.e., the amplitude of the electric pulse(s)). The black line arrows represent the transition rate
(the shorter the line arrow, the slower the transition rate) and are not drawn to scale for the three mechanisms
of electroporation presented. Figure adapted from Kotnik and others, 2019.

Electroporation is used in various applications including (but not limited to) cell
transfection/transformation, extraction of biomolecules and juices, inactivation of
microorganisms in water and liquid foods, biomass drying, increasing freezing tolerance in
the process of cryopreservation, cell fusion, tissue ablation and electrochemotherapy
(Mahni¢-Kalamiza et al., 2014; Kotnik et al., 2015; Geboers et al., 2020). Due to the wide
range of applications, the goal of electroporation varies and depends on specific application.
For example, in cell transfection/transformation or electrochemotherapy, the goal is to
achieve high cell permeabilization and cell survival so that the desired molecule (a plasmid
or chemotherapeutic agent) can enter the cells (Gehl, 2003). These applications are based on
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reversible electroporation, i.e., when the cell membrane is only temporarily permeabilized
and its integrity is eventually restored, and the cell survives. However, in applications such
as tissue ablation or inactivation of microorganisms based on irreversible electroporation
(i.e., pulse-induced cell death), electroporation should result in low survival of target cells
(e.g. cancer cells or arrhythmogenic cells in the myocardium) or microorganisms (e.g., in
water treatment or food pasteurization) (Jiang et al., 2015; Kotnik et al., 2015; Sugrue et al.,
2019). In in vitro studies, the efficacy of electroporation is usually expressed either by the
percentage of electroporated cells, the uptake of a particular molecule into the electroporated
cells, or the cell survival (Pucihar et al., 2011). The efficacy of electroporation depends on
several biophysical parameters: cell parameters defining cell geometry (cell shape and size)
and their environment (osmotic pressure, temperature, conductivity of the medium, ...), and
electric field parameters (pulse shape, electric field strength and direction, pulse/phase
duration, interphase and interpulse delay, number of pulses/bursts, pulse/burst repetition
frequency, ...). Cell parameters vary considerably between different cell types, media,
tissues and organs and usually cannot be controlled in vivo. Therefore, in most cases, the
efficacy of electroporation is controlled by the parameters of the electric field, which should
be optimized for the specific cells, tissues, media, etc. being treated, as well as by the
geometry and placement of the electrodes, which should ensure that the entire treated mass
is exposed to a sufficiently high electric field (Rebersek and Miklav¢ic, 2010). Optimization
of pulse parameters for electroporation is mainly performed empirically, while numerical
modeling is used to support electrode/treatment chamber design and treatment planning in
terms of optimization of electrode positioning and electric field parameter selection (Gerlach
et al., 2008; Miklavc¢ic et al., 2010; Zupanié et al., 2012). Efforts to optimize electroporation
protocols are limited by the lack of understanding of the underlying mechanisms of
membrane permeabilization and by of the large number of variables (pulse parameters,
biological differences, positioning of electrodes, ...).

Similar electroporation outcomes can be obtained using pulses with different parameters,
1.e., equiefficient pulses. For example, using multiple shorter pulses at higher electric field
strengths gives the same outcome as measured after electroporation with a longer pulse at a
lower electric field strength (Pucihar et al., 2011). However, finding the right combination
of pulse parameters for equiefficient pulses turned out to be a difficult task, as relying on
simple relations between pulse parameters, such as using pulses with the same energy or
total energized time, proved to be inefficient (Rols and Teissi€, 1998; Canatella et al., 2001).
Various authors attempted to identify the mathematical relationships between the pulse
parameters of equiefficient pulses with a variety of functional dependencies between the
pulse parameters, ranging from simple mathematical functions to more complicated
mathematical expressions. The relatively large set of different mathematical formulas is due
to the fact that the relationships between the parameters were determined in different
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intervals of the pulse parameters and using different approaches — some were obtained
experimentally, while others were derived from the theory of electroporation. Most studied
only the relation between the pulse duration and amplitude, while some also explored the
dependence of pulse amplitude on the number of pulses (Pucihar et al., 2011). Of the various
pulse parameters, the effect of the delay between pulses, i.e., the pulse repetition rate, is one
of the least understood (Pakhomova et al., 2011).

The pulses used in electroporation have a wide range of parameters. The oldest concept for
generating electroporation pulses is the capacitor discharge circuit for generating
exponentially decaying electric pulses. Later, square wave pulse generators were introduced
to better control the electric field parameters. Pulse generators can also be designed to
generate biphasic pulses (Rebersek and Miklavcic, 2011). In the early 2000s, new pulse
generators were developed to produce nanosecond pulses with very high electric fields
(Schoenbach et al., 2001). Pulses with shorter duration and biphasic pulses require the use
of higher electric field strengths and/or a higher number of pulses to produce the same
biological effect as longer duration pulses or monophasic pulses, respectively (Arena et al.,
2011; Pucihar et al.,, 2011; Sano et al.,, 2014; Sweeney et al., 2016). Nevertheless,
nanosecond and high-frequency biphasic pulses with a pulse duration of only a few
microseconds have recently attracted a great deal of research interest because they mitigate
several limitations that exist in conventional micro-millisecond range electroporation.
Nanosecond pulses penetrate more easily into the cell interior, and have more profound
effects on organelles than longer pulses of micro- and millisecond duration (Schoenbach et
al., 1997,2001; White et al., 2004; Tekle et al., 2005; Batista Napotnik et al., 2012; Nuccitelli
et al., 2020). The use of pulses with high electric field strength but very short duration means
that the energy transferred from the pulses to the treated area is very low and results in low
heating (Schoenbach et al., 2001), minimizing the possibility of thermal damage, which is
very important for sparing delicate structures in and around the treated area (Cornelis et al.,
2020). Electroporation with nanosecond pulses showed induction of apoptosis and antitumor
activity (Beebe et al., 2002; Nuccitelli et al., 2006). The excitation thresholds appear to be
higher than the electroporation thresholds with nanosecond pulses (Rogers et al., 2004; Long
et al., 2011; Pakhomov and Pakhomova, 2020; Kim et al., 2021; Gudvangen et al., 2022),
implying that shortening the pulse duration to nanosecond pulses could reduce pulse-induced
neuromuscular stimulation, which is an undesirable side effect in medical electroporation-
based applications. Also, high-frequency biphasic pulses with pulse durations in the range
of a few microseconds, known by the acronym H-FIRE which stands for high-frequency
irreversible electroporation, have shown reduced muscle contractions compared with
monophasic pulses (Arena et al., 2011; Siddiqui et al., 2016; Yao et al., 2017; Dong et al.,
2018; Ringel-Scaia et al., 2019; Cvetkoska et al., 2022) and also appear to limit the
likelihood of cardiac interference (O’Brien et al., 2019). Shortening the pulse duration and/or
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using biphasic pulses limits electrochemical reactions that accompany the flow of electric
current between the electrodes and the electrolyte (Kotnik et al., 2001; Morren et al., 2003;
Saulis et al., 2015).

The electric field in electroporation procedures is established by delivering electric pulses
through electrodes in contact with the medium/tissue. Electrodes for electroporation
procedures are most often made of metal - for medical applications, electrodes made of
stainless steel are usually used, in the food industry, electrodes are most often made of
stainless steel, followed by titanium and platinum, while for research purposes the use of
aluminum cuvettes is common (Breton and Mir, 2012; Pataro and Ferrari, 2020). When high-
voltage electric pulses are delivered to cells in suspension, tissue or other medium (e.g. milk,
orange juice, beer, ...), electrochemical reactions occur at the electrode-electrolyte interface.
These electrochemical reactions lead to electrolysis of water, corrosion and fouling of the
electrodes, generation of radicals, extreme local transient pH changes and even longer lasting
changes in the pH of the entire treated solution, chemical changes in the treated product,
evolution of gas bubbles and release of metal ions from the electrodes (Saulis et al., 2015;
Pataro and Ferrari, 2020). The metal ions released from the electrodes during electroporation
have various effects on the treated cells and products. They can precipitate nucleic acids and
proteins in solutions (Stapulionis, 1999; Kooijmans et al., 2013) and affect the taste and
mouthfeel of the treated beer (Evrendilek et al., 2004). Loomis-Husselbee et al. (1991)
showed that AI’" ions released from electrodes during electroporation affect the
biochemistry of the exposed cells, namely it causes the conversion of inositol 1,3,4,5-
tetrakisphosphate into inositol 1,4,5-trisphosphate, which then induces the release of Ca**
from the internal stores of electroporated cells. To date, few studies have examined the
effects of metal ions released from electrodes on electroporated and non-electroporated cells.
However, certain metals (Fe**/Fe**, Ni*") have been reported to have a stronger effect on the
viability of electroporated cells compared to non-electroporated cells (Kotnik et al., 2001;
Kosir et al., 2021). Released metal ions may also affect the methods we use to monitor
electroporation, e.g., monitoring cell membrane permeabilization after electroporation with
calcein, as metal ions (e.g. Fe** and Cu®") can form complexes with fluorescent dyes and
quench their fluorescence (Pliquett and Gusbeth, 2000).

Experimental evidence is available showing that shortening the pulse duration limits
electrochemical reactions and electrode corrosion (Friedrich et al., 1998; Morren et al.,
2003), and that contamination with released metal ions can be largely reduced by using
biphasic pulses instead of monophasic pulses (Kotnik et al., 2001). Therefore, it has been
suggested that pulses with lower amplitudes, shorter pulse durations, or biphasic pulses
could be used to reduce the extent of electrochemical reactions (Saulis et al., 2015).
However, it remains unclear whether shortening the pulse duration and/or using biphasic
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pulses while increasing the voltage (and/or number of pulses used) to achieve the same
biological effect still reduces the electrochemical reactions.

1.1 ELECTROCHEMOTHERAPY

Electrochemotherapy is a local treatment of cancer that combines the use of membrane-
permeabilizing high-voltage electric pulses delivered to the tumor with some standard
chemotherapeutic agents with high intrinsic cytotoxicity for which the plasma membrane is
a barrier to reach their intracellular target. The electric pulses are customarily delivered in
trains of eight monophasic pulses of 100 ps duration with 1 Hz or 5 kHz pulse repetition
rate. The two most commonly used chemotherapeutic agents in electrochemotherapy are
bleomycin and cis-diamminedichloroplatinum (II) (cisplatin) (Marty et al., 2006).

Electrochemotherapy entered medical practice after the publication of the European
Standard Operating Procedures of Electrochemotherapy (ESOPE) for the treatment of
cutaneous and subcutaneous tumors in 2006 (Mir et al., 2006). Its introduction into clinical
trials and later into clinical practice was made possible by extensive basic research on
mechanisms of action, selection of appropriate pulse parameters, screening of suitable drugs,
in vivo studies on various animal models etc. Several mechanisms of action have been
identified; the dominant one is believed to be the increased intracellular accumulation of the
chemotherapeutic agent due to increased permeability of the cell membrane caused by the
electric pulses (Miklav¢i€ et al., 2014). Several fold potentiation of the cytotoxicity of
bleomycin and cisplatin has been demonstrated in vitro (Mir et al., 1991; Jaroszeski et al.,
2000) and confirmed in vivo in various animal tumor models and patients (Heller et al., 1995;
Hyacinthe et al., 1999; Jaroszeski et al., 1997; Ser3a et al., 1995, Sersa at. al., 1998). Other
mechanisms of electrochemotherapy have also been identified, including vascular effects
and involvement of the immune response. Electrochemotherapy induces cell death of tumor
vascular endothelial cells, resulting in decreased blood flow to the tumor (vascular disrupting
effect) and also has a vasoconstrictor effect (known as “vascular lock™), which leads to a
prolonged retention of the chemotherapeutic agent in the tumors due to reduced blood
washout (Miklav¢i€ et al., 2014). A local immune response has been shown to be necessary
for a therapeutic effect following electrochemotherapy: electrochemotherapy causes the
release of DAMPs and leads to immunological cell death, and T cells have been shown to
be a crucial mediator of the local and systemic effects of electrochemotherapy (Bendix et
al., 2022).

In the last fifteen years, the number of electrochemotherapy treatments for superficial tumors
has sharply increased — for example, the consolidated indications for treatment with
electrochemotherapy include superficial metastatic melanoma, skin tumors of the head and
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neck, breast cancer, and Kaposi’s sarcoma. New indications have also been added, such as
deep-seated malignancies, treatment of skin metastases from visceral or hematologic
malignancies, vulvar cancer, and some noncancer skin lesions (capillary vascular
malformations and keloids) (Campana et al., 2019). Electrochemotherapy has gained broad
acceptance primarily because of solid evidence of its mechanisms of action, efficacy in
various tumor types, and its simplicity (it is easy to learn). Numerous studies have
demonstrated its efficacy, tolerability, and high patient satisfaction. However, some side
effects have also been reported - the most commonly reported are muscle contractions and
unpleasant sensations (which can even be painful), mainly attributed the stimulation of
peripheral nerves by the electric pulses (Kendler et al., 2013; Gehl et al., 2018). To overcome
this limitation, new pulse protocols are being explored in electrochemotherapy, including
high-frequency biphasic (H-FIRE) pulses (Scuderi et al., 2019; Pirc et al., 2021) and
nanosecond pulses (Silve et al., 2012; Novickij et al., 2020; Tunikowska et al., 2020;
Rembiatkowska et al., 2022). Reports on the use of nanosecond pulses in
electrochemotherapy are promising: a decrease of cell survival has been observed in vitro
and tumor regression in vivo. Although (irreversible) electroporation with nanosecond pulses
alone showed antitumor activity (Beebe et al., 2002; Nuccitelli et al., 2006), the combination
of nanosecond pulses and a chemotherapeutic agent results in more significant cell death
than exposure to electric pulses alone (Silve et al., 2012; Rembiatkowska et al., 2022).
Because electrochemotherapy is based on reversible electroporation, lower electric field
strengths are required than with irreversible electroporation. However, the previously
mentioned studies that have used nanosecond pulses in electrochemotherapy have not
adequately investigated the effects of different nanosecond pulse parameters on the efficacy
of reversible electroporation in combination with bleomycin and cisplatin. Therefore, it is
still unclear what are the optimal pulse parameters of the nanosecond pulses for use in
electrochemotherapy. From the previous work it is also not clear if nanosecond pulses can
be as effective as with the standard eight 100 ps pulses in electrochemotherapy. Because the
underlying mechanisms of action in electrochemotherapy with nanosecond pulses have not
yet been investigated, it remains unknown whether the mechanisms are the same as in
conventional electrochemotherapy with the eight 100 us pulses.

1.2 AIMS OF THE STUDY

This study was designed as a comprehensive in vitro research with the general objective of
comparing eight 100 ps pulses, which are standardly used in electroporation-based
applications, with newer, more recently introduced pulse waveforms (namely nanosecond
and short high-frequency biphasic (H-FIRE) pulses) at different levels important for
electroporation-based applications.
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The study also had the following specific objectives:

1.

To determine the parameters of the electric field of nanosecond and H-FIRE pulses
that have an equivalent biological effect as the standard eight 100 us pulses in terms
of cell membrane permeabilization and cell survival after electroporation (i.e.,
equiefficient pulse parameters).

To compare the extent of electrochemical reactions occurring at the electrode-
electrolyte interface after the application of standard eight 100 ps pulses with
equiefficient nanosecond and H-FIRE electric pulses by measuring the concentration
of metal ions released from the electrodes.

To gain new insights into the effect of specific electric field parameters on metal
release from electrodes, which will contribute to the optimization of pulse protocols
in electroporation-based applications where it is of particular interest to minimize
electrochemical reactions associated with the delivery of high-voltage pulses at
minimum (e.g., applications in food technology).

To determine whether it is possible to reduce the extent of metal release from
electrodes (and other electrochemical reactions) by using shorter duration and/or
biphasic pulses with higher electric field strengths that have the same biological
effect as the standardly used eight 100 us pulses.

To understand whether the role of membrane component oxidation of the
(particularly lipid peroxidation) in cell membrane permeabilization after
electroporation is maintained at different pulse waveforms and whether the extent of
lipid peroxidation of the membrane can be correlated with the time required for cell
membrane resealing after electroporation.

To comprehensively evaluate the possibility of using nanosecond pulses in
electrochemotherapy in vitro and also in other electroporation-based applications
with the aim of introducing small to medium sized molecules into cells by varying
different parameters of the electric field and measuring the outcomes of
electrochemotherapy and comparing the efficacy with the standard eight 100 ps
pulses.

To investigate the underlying mechanisms of electrochemotherapy with nanosecond
pulses by measuring the intracellular uptake of the chemotherapeutic agent after
electroporation and the effects of the high-voltage electric pulses on the molecular
structure of the chemotherapeutic agent.

1.3 RESEARCH HYPOTHESES

The following hypotheses were tested in the study:

10
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1. The application of monophasic nanosecond pulses or high-frequency biphasic
electric pulses with a few microseconds pulse duration in electroporation-based
technologies reduces electrochemical reactions, but cell membrane electroporation
at equiefficient pulse parameters is equivalent to the classical eight 100 ps electric
pulses.

2. Electroporation of cells with pulses of different parameters that permeabilize the cell
membrane causes comparable oxidation of cellular components.

3. The combination of electroporation with nanosecond pulses and an anticancer active
ingredient enhances its effect due to increased intracellular accumulation of the
active ingredient.

11
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2 SCIENTIFIC WORKS

2.1 PUBLISHED SCIENTIFIC WORKS

2.1.1 Effect of interphase and interpulse delay in high-frequency irreversible
electroporation pulses on cell survival, membrane permeabilization and
electrode material release

Vizintin A., Vidmar J., S€anéar J., Miklavéi¢ D. 2020. Effect of interphase and interpulse
delay in high-frequency irreversible electroporation pulses on cell survival, membrane

permeabilization and electrode material release. Bioelectrochemistry, 134: 107523, doi:
10.1016/j.bioelechem.2020.107523: 14 p.

To achieve high efficiency of electroporation and to minimize unwanted side effects, the
electric field parameters must be optimized. Recently, it was suggested that biphasic high-
frequency irreversible electroporation (H-FIRE) pulses reduce muscle contractions.
However, it was also shown for sub-microsecond biphasic pulses that the opposite polarity
phase of the pulse cancels the effect of the first phase if the interphase delay is short enough.
We investigated the effect of interphase and interpulse delay (ranging from 0.5 to 10,000 ps)
of 1 us biphasic H-FIRE pulses on cell membrane permeabilization, on survival of four
mammalian cell lines and determined metal release from aluminum, platinum and stainless
steel electrodes. Biphasic H-FIRE pulses were compared to eight 100 ps monophasic pulses.
We show that a longer interphase and interpulse delay results in lower cell survival, while
the effects on cell membrane permeabilization are ambiguous. The cancellation effect was
observed only for the survival of one cell line. Application of biphasic H-FIRE pulses results
in lower metal release from electrodes but the interphase and interpulse delay does not have
a large effect. The electrode material, however, importantly influences metal release — the
lowest release was measured from platinum and the highest from aluminum electrodes.

Supplementary data to this article can be found online at
https://doi.org/10.1016/].bioelechem.2020.107523.
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parameters must be optimized. Recently, it was suggested that biphasic high-frequency irreversible elec-
troporation (H-FIRE) pulses reduce muscle contractions. However, it was also shown for sub-microsecond
biphasic pulses that the opposite polarity phase of the pulse cancels the effect of the first phase if the
interphase delay is short enough. We investigated the effect of interphase and interpulse delay (ranging
from 0.5 to 10,000 ps) of 1 ps biphasic H-FIRE pulses on cell membrane permeabilization, on survival of
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influences metal release - the lowest release was measured from platinum and the highest from alu-
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1. Introduction

Electroporation (also termed electropermeabilization or pulsed
electric field treatment) is the phenomenon of increased cell mem-
brane permeabilization due to exposure of cells/tissue to short
electric pulses [1]. It is used in numerous applications including
cell transfection/transformation, electrochemotherapy (ECT), tis-
sue ablation, extraction of biomolecules from cells, inactivation
of microorganisms in water and liquid foods [2-5]. Efficacy of elec-
troporation depends on several physical and biological parameters.
In electroporation-based applications, the electric field parameters
like electric field strength, pulse shape, pulse duration, pulse polar-
ity, delay between pulses and number of pulses must be adjusted
to specific biomedical or biotechnological applications, i.e. to
achieve specific electroporation objectives [G|. For example, in
the case of cell transfection/transformation or ECT the aim is to
achieve high cell permeabilization and high cell survival to allow
the entry of the desired molecule (a plasmid or chemotherapeu-

* Corresponding author.
E-mail address: Damijan.Miklavecic@fe.uni-1j.si {D. MiklavEic).

https:f/doi.org/10.1016/j.bioelechem.2020.107523
1567-5394]@ 2020 Elsevier B.V. All rights reserved.
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tic agent) into the cells [7]. However, for tissue ablation or micro-
bial inactivation, an efficient electroporation protocol results in
low survival of the target cells (tumor or arrhythmogenic sub-
strate) or microorganisms in food or water treatment [3,8,9].

In the past decade, irreversible electroporation (IRE) emerged as
a new non-thermal ablation modality [10]. IRE is showing promis-
ing results in early clinical research of ablation of intra-abdominal
tumors [11-13] and cardiac ablation [9,14-16]. During IRE treat-
ment, electric pulses temporarily increase the semi-selective per-
meability of the cell membrane, thus allowing non-selective
transport of molecules in and out of the targeted cells (through
the compromised cell membrane). In IRE, different pulse parame-
ters and delivery protocols are used in different studies. Most fre-
quently, 70-100 pulses of 50-100 ps duration and higher
amplitude are used [8,17,18] compared to the standard eight
100 ps pulses used in ECT [19]. In contrast to reversible electropo-
ration, in IRE the membrane may reseal after the treatment, but the
cell dies nevertheless, General anesthesia and the administration
of neuromuscular blocking drugs are required in IRE to prevent
pulse-induced muscle contractions [20] and pulse delivery must
be synchronized with the electrocardiogram (ECG) to prevent the
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induction of cardiac arrhythmias [21]. Recently, short biphasic
pulses used for high-frequency irreversible electroporation (H-
FIRE) have attracted considerable attention since they have shown
reduced muscle contractions compared to treatments using
monophasic pulses [22-26]. It also seems that H-FIRE limits the
likelihood of cardiac interference [27]. In several studies, authors
have shown that H-FIRE with short biphasic pulses necessitate
higher amplitudes of pulses to be used, i.e. requiring higher electric
field strengths compared to monophasic pulses to achieve the
same biological effect—being it cell membrane permeabilization
or cell kill [22,28-30]. At the same time, it was reported for
nanosecond biphasic pulses that the opposite polarity phase of
the pulse cancels the effect of the first phase if the interphase delay
is short enough—a phenomenon called “cancellation effect”"—
which may explain why higher amplitudes are needed when using
biphasic pulses. This cancellation effect was also observed in
microsecond range of pulses, yet it is still not fully understood
[31-35].

Another “side-effect” of electroporation are also electrochemi-
cal processes taking place at the electrode-electrolyte interface,
such as electrolysis, generation of radicals and release of metal ions
from the electrodes which results in electrode wear and fouling,
sample contamination orfand chemical modification of the med-
ium, Electrochemical processes occurring during the delivery of
high-voltage electric pulses with an emphasis on food processing
were described by Pataro et al. [36] and Saulis et al. [37]. These
effects are often neglected although they change the composition
of the electroporation medium, can affect cells or food that has
been treated and even cause experimental errors [38-49]. On the
other hand, the chemical interaction between the products of elec-
trolysis and cells are exploited to cause cell death in electrolytic
tissue ablation [50] and in the combination of electroporation
and electrolysis (E2) [51].

Electrodes for electroporation procedures are most often made
of aluminum, stainless steel or platinum [37]. Metal ions released
from electrodes during electroporation can change the solution
PH [43,49], precipitate proteins and nucleic acids [44,52], impact
flavor and mouth feeling of treated food [47] and can be cytotoxic
and/or affect the biochemistry of the exposed cells [42,45].
Released metal ions can also affect the methods we use to monitor
electroporation, e.g. membrane permeabilization after electropora-
tion with calcein since metal ions can form complexes with fluo-
rescent dyes and quench their fluorescence [53]. Proposed
strategies for reducing the intensity of electrochemical reactions
include reduction of the voltage, shortening of the pulse duration,
lowering of medium conductivity or the use of biphasic pulses [37],
1t was confirmed experimentally that contamination with released
metal ions can be largely reduced by using 100 us biphasic pulses
instead of monophasic pulses [45] and that the shortening of the
pulse limits electrochemical reactions and electrode corrosion
[54]. However, when using shorter pulses, a stronger electric field
(or higher number of pulses) must be applied to achieve the same
electroporation efficiency [37,55]. It thus remains unclear whether
shortening the pulse duration with concomitantly increased volt-
age reduces electrochemical reactions.

In this study, we investigated the effect of interphase delay and
interpulse delay between biphasic pulses (i.e pulse repetition rate)
of 1 us symmetric rectangular biphasic H-FIRE pulses on cell mem-
brane permeabilization and survival of CHO-K1 (Chinese hamster
ovary), H9¢2 (rat cardiomyoblast), C2C12 (mouse myoblast) and
HT22 (mouse neuronal) cells. The interphase and interpulse delay
ranged from 0.5 ps to 10,000 ps. We compared biphasic H-FIRE
pulses to 8 x 100 ps monophasic pulses widely used in ECT. For
all pulses, the total energized time was 800 ps. We show that not
only longer interphase delay but also longer interpulse delay
between biphasic pulses results in lower cell survival (i.e, in more
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efficient cell kill) while the effects on cell membrane permeabiliza-
tion are more ambiguous. The previously reported cancellation
effect of the first phase of the pulse by the second was observed
only for the survival of CHO cells. We also measured metal release
from aluminum, platinum and stainless steel 304 wire electrodes.
The electrode material has a big influence on the amount of
released metal ions - we measured the lowest concentration of
released ions from platinum electrodes and highest from alu-
minum electrodes, Our results suggest that contrary to cell survival
and membrane permeabilization, the interphase and interpulse
delay in the investigated range does not largely affect the concen-
tration of released metal ions. We showed, however, that applica-
tion of short biphasic H-FIRE pulses results in lower metal release
from aluminum, platinum and stainless steel 304 electrodes com-
pared to standard 100 ps monophasic ECT and IRE pulses.

2. Materials and methods
2.1. Electroporation set-up

We used a laboratory prototype pulse generator (University of
Ljubljana), based on H-bridge digital amplifier with 1 kV MOSFETs
(DE275-102N06A, IXYS, USA) [29], in the experiments. In cell
membrane permeabilization, cell survival and metal release exper-
iments, we applied 8 standard ECT rectangular pulses of 100 ps
duration with 1 Hz repetition rate or 1 burst of 400 biphasic H-
FIRE rectangular pulses with the same amplitude (for all the total
energized time was 800 ps). 1 pulse in the case of H-FIRE pulses
consists of the positive phase, negative phase and the interphase
delay (see Schematic 1). The duration of the positive phase is
1 ps and the duration of the negative phase is 1 ps for all the H-
FIRE pulses. For H-FIRE pulses, we varied the duration of the inter-
phase delay and interpulse delay between pairs of biphasic pulses,
and based on that named them as pulses of type 1 (fixed interphase
delay) and type 2 (symmetric delays). For pulses of type 1 (fixed
interphase delay), the interphase delay is fixed to 1 ps, while the
interpulse delay was set to 0.5, 10, 100, 1000 or 10,000 ps. For
pulses of type 2 (symmetric delays), the interphase and interpulse
delay are of same duration: 0.5, 10, 100, 1000 or 10,000 us. The
voltage and the electrical current were monitored in all experi-
ments with the oscilloscope Wavesurfer 422 or Wavepro 7300A,
differential voltage probe ADP305 and current probe CP030 or
CPO31A (all from Teledyne LeCroy, New York, USA). The voltage
and current waveforms of some of the pulses are shown in Fig. 1.
The measured voltage pulse shape looks very similar in the cell
(1A, E) and metal release (cell-free) experiments (1B, F). However,
the measured current pulse shape clearly looks different in the cell
(1€, G) and the metal release experiments (1D, H).

Two different electrode configurations were used. For cell
experiments, we used two parallel plate stainless steel 304 elec-
trodes with distance between the inner edges of the electrodes
set at 2 mm (Fig. 2A). In metal release experiments, we used two
parallel rod-shaped wire electrodes with 1 mm diameter and dis-
tance between the inner edges of the electrodes set at 4 mm
(Fig. 2B). The electrode materials were 99.999% aluminum (cat.
no. AL005182, Goodfellow Cambridge, England, UK), 99.99% plat-
inum (cat. no. PT005155, Goodfellow Cambridge) and stainless
steel 304 (cat. no. FE225150, Goodfellow Cambridge) composed
of 17-20% Cr, <2% Mn, 8-11% Ni, <800 ppm C and Fe balance.

2.2. Cell lines and cell culture

Chinese hamster ovary CHO-K1 cell line, obtained directly from
the European Collection of Authenticated Cell Cultures (ECACC, cat.
no. 85051005, mycoplasma free), was grown in 25 cm? culture
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Schematic 1. Pulses used in the study. We applied 8 standard ECT pulses of 100 ps duration with 1 Hz repetition rate or 1 burst of 400 H-FIRE pulses (for all the total
energized time was 800 ps). 1 pulse in the case of H-FIRE pulses consists of the positive phase, negative phase and the interphase delay. The duration of the positive phase is
1 us and the duration of the negative phase is 1 ps for all H-FIRE pulses. For pulses of type 1 (fixed interphase delay) the interphase delay is 1 s, while the interpulse delay
between pairs of biphasic pulses is 0.5, 10, 100, 1000 or 10,000 ps. For pulses of type 2 (symmetric delays) the interphase delay and interpulse delay between pairs of biphasic

pulses are of same duration: 0.5, 10, 100, 1000 or 10,000 ps.

flasks (TPP, Switzerland) in Nutrient Mixture F-12 Ham (cat. no.
N6658, Sigma-Aldrich, Missouri, United States) for 2-4 days in an
incubator (Kambi¢, Slovenia) at 37 °C and humidified atmosphere
with 5% CO,, The growth medium (used in this composition
through all experiments) was supplemented with 10% fetal bovine
serum (FBS, cat. no. F9665, Sigma-Aldrich), 1.0 mM L-glutamine
(cat. no. G7513, Sigma-Aldrich) and antibiotics: 1 U/ml penicillin/
streptomycin (cat. no. P0781, Sigma-Aldrich) and 50 pg/ml gen-
tamycin (cat. no. G1397, Sigma-Aldrich). Rat cardiac myoblast cell
line HO9c2, obtained directly from ECACC (cat. no. 88092904,
mycoplasma free), was grown in 75 cm? culture flasks (TPP) in
Dulbecco’s Modified Eagle Medium (DMEM, cat. no. D6546,
Sigma-Aldrich) for 2-4 days in an incubator (Kambi¢) at 37 °C
and humidified atmosphere with 10% CO,. The growth medium
(used in this composition through all experiments) was supple-
mented with 10% FBS (cat. no. F2442, Sigma-Aldrich), 4.0 mM L-
glutamine and antibiotics: 1 U/ml penicillin/streptomycin and
50 pg/ml gentamycin. Mouse myoblast cell line C2C12, obtained
directly from ECACC (cat. no. 91031101, mycoplasma free), was
grown in 75 cm? culture flasks in Dulbecco's Modified Eagle Med-
ium (DMEM, cat. no. D6546, Sigma-Aldrich) for 2-4 days in an
incubator at 37 °C and humidified atmosphere with 10% CO,. The
growth medium (used in this composition through all experi-
ments) was supplemented with 10% FBS (cat. no. F9665, Sigma-
Aldrich), 2.0 mM L-glutamine and antibiotics: 1 U/ml penicillin/
streptomycin and 50 pg/ml gentamycin. Mouse neuronal cell line
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HT22, obtained directly from The Salk Institute for Biological Stud-
ies in California, USA, was grown in 25 cm? culture flasks in
Dulbecco’'s Maodified Eagle Medium (DMEM, cat. no. D5671,
Sigma-Aldrich) for 2-3 days in an incubator at 37 °C and humidi-
fied atmosphere with 5% CO,. The growth medium (used in this
composition through all experiments) was supplemented with 10%
FBS (cat. no. F9665, Sigma-Aldrich), 2.0 mM L-glutamine and antibi-
otics: 1 U/ml penicillin/streptomycin and 50 pug/ml gentamycin.

On the day of the experiment, cell suspension was prepared by
detaching the cells with 1 x trypsin-EDTA (cat. no T4174, Sigma-
Aldrich) diluted in 1 x Hank’s basal salt solution (cat. no. H4641,
Sigma-Aldrich). Trypsin was inactivated by F-12 Ham (CHO) or
DMEM (H9¢2, C2C12 and HT22) complete growth medium. Cells
were transferred to a 50 ml centrifuge tube (TPP) and centrifuged
5 min at 180 g and 23 °C. The supernatant was aspirated, and cells
were re-suspended in the complete growth medium F-12 Ham
(CHO) or DMEM (H9¢2, C2C12 and HT22) which was used as elec-
troporation buffer.

2.3. Cell survival

For cell survival experiments, cells were re-suspended at a cell
density of 2 x 10° (CHO), 7.5 x 10° (H9¢c2), 1 = 10° (C2C12) or
9 x 10° (HT22) cells/ml, 50 ul of the cell suspension was trans-
ferred between plate stainless steel 304 electrodes, followed by
pulse treatment (for the sham control no pulses were applied).
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Schematic 2. Scheme of (A) plate electrodes used in cell experiments and (B) wire electrodes used in metal release experiments. (A) The electrodes are presented as white
rectangles, the distance between the inner edges of the plate electrodes is 2 mm, the cell suspension between the electrodes is colored red. (B) The wire electrodes are shown
as they were used in metal release experiments: immersed in a 2 ml microcentrifuge tube filled with 1.1 ml of 0.9% NaCl. The electrodes are presented as two rectangles and
they are 4 mm (inner edge-inner edge) apart, the boundaries of the microcentrifuge tube are presented by a double grey line, the 0.9% NaCl solution is colored blue.

After pulse application, 40 ul of the cell suspension was immedi-
ately transferred to a 1.5 ml microcentrifuge tube with 360 pl of
complete growth medium F-12 Ham (CHO) or DMEM (H9c2,
C2C12 and HT22), The cell suspension was gently vortexed. Then,
100 pl of the cell suspension was plated in a well of a flat bottom
96-well plate (TPP) in three technical repetitions. The plate was
transferred to the incubator heated to 37 °C with 5% (CHO,
HT22) or 10% (H9c2, C2C12) CO, for 24 h. Cell survival was
assessed via the CellTiter 96 AQueous One Solution Cell Prolifer-
ation Assay (cat. no. G3580, Promega, Wisconsin, USA) which is a
colorimetric method for determining the number of viable cells.
The CellTiter 96” AQueous One Solution Cell Proliferation Assay
contains the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) and the electron coupling reagent phenazine ethosulfate
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(PES). The MTS is bioreduced by cells into a colored formazan pro-
duct that is soluble in growth medium. The quantity of formazan
product as measured by absorbance at 490 nm is directly propor-
tional to the number of living cells in culture, 20 pl of the CellTiter
96% AQueous One Solution Cell Proliferation Assay was added per
well and after 2 h and 15 min incubation at 37 °C in incubator
with 5% (CHO, HT22) or 10% (H9c2, C2C12) CO,, the absorbance
at 490 nm was measured with the spectrofluorometer Infinite™
200 (Tecan, Austria). The survival was calculated by first subtract-
ing the absorbance of the blank (complete growth medium with-
out cells) and then normalizing the average absorbance of the
three technical repetitions of the sample to the absorbance of
the sham controls. The experiments were repeated 3-5 times
per each pulse treatment with different order of the pulse
treatments.
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Fig. 2. Cell membrane permeabilization of CHO and H9c2 cells at different electric field strengths as a function of delay {AT) of biphasic H-FIRE pulses of (A, C) type 1 {fixed
interphase delay) and (B, D) type 2 (symmetric interphase delay) (see Schematic 1). White circles and solid line represent the percentage of permeabilized cells at 1.5 kVfcm,
black squares and dashed line represent the percentage of permeabilized cells at 2.5 kV/cm. Results are presented as an average of 3-5 repetitions. Bars represent standard

deviation. Note the logarithmic scale on the horizontal axis.

2.4. Cell membrane permeabilization

For cell membrane permeabilization experiments, we used cells
in suspension at a cell density of 2 x 10° (CHO) or 1 x 10° (H9¢c2,
C2C12 and HT22) cells/ml. We wanted to use the same cell concen-
tration as in cell survival experiments, however, we could not
record 10,000 events on the flow cytometer if we used a concentra-
tion lower than 1 x 10° cells/ml, We thus decided to use 1 x 10°
cells/ml for H9c2, C2C12 and HT22 cells. At this concentration,
the cells should be sufficiently far apart from one another that they
do not locally alter the electric field experienced by neighboring
cells [56,57]. Right before application of electric pulses, the cell
suspension was mixed with propidium iodide (Pl, cat. no.
P1304MP, Thermo Fisher Scientific, Massachusetts, USA) to final
concentration of 136 pM. PI is a non-permeant fluorescent dye,
which emits strong fluorescence after entering the cell and thus
allows easy determination of cell electroporation and discrimina-
tion between electroporated and non-electroporated cells. 50 pl
of the cells-PI mixture was transferred between plate stainless
steel 304 electrades, followed by pulse treatment. 40 pl of the trea-
ted cell suspension was transferred to a new 1.5 ml microcen-
trifuge tube. Three minutes after the last pulse, 150 pl of
complete growth medium F-12 Ham (CHO) or DMEM (H9c2,
C2C12 and HT22) was added to the cell suspension and the sample
was gently vortexed and analyzed on the flow cytometer Attune
NXT (Thermo Fisher Scientific). Cells were excited with blue-light
laser at 488 nm, and the emitted fluorescence was detected
through a 574/26 nm band-pass filter. The measurement was
stopped when 10,000 events were acquired. The obtained data
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was analyzed using the Attune NxT software (Thermo Fisher Scien-
tific). Single cells were separated from all events by gating. The
percentage of cells with permeabilized cell membrane was deter-
mined from the histogram of PI fluorescence. The experiments
were repeated 3-5 times per each pulse treatment with different
order of the pulse treatments. The sham control was handled in
the same way as the samples with the exception that no pulses
were delivered to the cell suspension.

2.5, Metal release

0.9% (w/v) NaCl in water solution was prepared from water for
ultratrace analysis (cat. no. 14211, Sigma-Aldrich) and 99.999%
pure NaCl (cat. no. 204439, Sigma-Aldrich). Before the application
of each pulse treatment, aluminum, platinum or stainless steel 304
wire electrodes were cleaned with sonication in the ultrasonic bath
Elmasonic P (Elma Schmidbauer, Germany) filled with 1% solution
of the detergent Kemex A (Kemika, Croatia) in deionized
water for 2 min at room temperature. After sonication, electrodes
were first rinsed with deionized water and then with acetone
(cat. no. 32201, Sigma-Aldrich) and let to dry in air. Electrodes
were placed in a 2 ml microcentrifuge tube (ISOLAB, Germany)
filled with 1.1 ml of 0.9% NaCl solution so that 11.5 mm of the elec-
trodes was immersed in the 0.9% NaCl solution (see Schematic 2).
After application of different H-FIRE biphasic or ECT monophasic
pulses (see Schematic 1) with amplitude 500 V, 1 ml of the trea-
ted 0.9% NacCl solution was transferred to a new 15 ml centrifuge
and 2.5 pl of 65% HNO5 (Merck, Germany) was added. For the sham
control, the electrodes were immersed in 0.9% NaCl solution for the
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Table 1
ICP-MS operating parameters for determination of elements.

Agilent 7700 ICP-MS Agilent 8800

ICP-MS

Parameter Type/Value
Sample introduction
Nebulizer Micromist
Spray chamber Scott
Skimmer and sampler Ni

cone
Plasma condition
Forward power 1550 W
Plasma gas flow 15.0 | min™
Carrier gas flow 0.95 1 min™' 085 1Imin~" 0951 min”'
Dilution gas flow 0.15 1 min~! 020 ILmin~"  0.10 I min~'
Sample depth 8.0 mm
Cell gas flow 10 ml He min~' | 10 ml He min~'
Energy discrimination 4.5V 35V 70V
Data acquisition

]’JHYEFHE[QFY
Isotopes monitored 27a1 195p¢ 32¢y, 55Mn, *°Fe,

50N

Isotopes of internal "3 193] 193gh

standards

same duration as for other samples, but no pulses were applied.
Experiments were performed in triplicates. For the 0.9% NaCl solu-
tion only, 5 pl of 65% HNO4 was added to 2 ml of 0.9% NaCl solution
in a 15 ml centrifuge. Samples were kept at 4 °C until analysis.

Total concentrations of Al, Pt, Fe, Ni, Cr and Mn in the analyzed
samples were determined by inductively coupled plasma mass
spectrometry (ICP-MS) against an external calibration curve. Con-
centrations of Al and Pt were determined on Agilent 7700 and
those of Fe, Ni, Cr and Mn on Agilent 8800 ICP-MS instruments
(Agilent Technologies, Tokyo, Japan). Optimized measurement
parameters for the ICP-MS instruments are presented in Table 1.
Calibration standard solutions of Al and Pt were prepared from
Al stock solution (1000 pg Al ml~ " in 2-3% HNOs) and Pt stock solu-
tion (1000 pg Pt ml~' in 8% HCI), respectively, while calibration
standard solutions of Fe, Ni, Cr and Mn were prepared from
multi-element stock solution (containing 1000 pg/ml of each ele-
ment in 6% HNO,). All stock solutions were obtained from Merck
(Germany). Calibration standards were prepared in 0.1% HNOs in
the concentration range of 0.1-100 pg/l. The samples were, prior
ICP-MS measurements, diluted 4-times with 0.1% HNO; for the
determination of Fe, Ni, Cr and Mn and measured directly (without
any dilution) for the determination of Al and Pt. All dilutions of the
samples were made with ultrapure water (18.2 MQ c¢m) obtained
from a Direct-Q 5 Ultrapure water system (Millipore, Mas-
sachusetts, USA). To evaluate the accuracy of the ICP-MS analysis,
the solution of 0.9% NaCl was spiked with standard solution con-
taining all elements of interest to reach the final concentration of
10 pg/l in the spiked sample. Recoveries (the ratio between the
measured and expected concentrations) were between 95% and
128% (N = 4) for all the elements - accuracy and precision of ICP-
MS measurement for each element are listed in Table S1 in Supple-
mentary Material.

2.6. Statistical analysis

Levene's median test was used to assess equal variance and the
Shapiro-Wilk test to test normality of data (o = 0.05).

Analysis of cell survival and membrane permeabilization data
was performed separately for all the cell lines. Cell membrane per-
meabilization data for C2C12 were, for statistical purposes, trans-
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formed to a logarithmic scale to approximately conform to
normality. Cell survival data for CHO and H9c2 and cell membrane
permeabilization data for CHO and C2C12 were analyzed with
analysis of variance (ANOVA). One factor was "pulse type” with
two levels: type 1 (fixed interphase delay) and type 2 (symmetric
delay), and the second factor was “delay” with five levels: 0.5,
10, 100, 1000 or 10,000 ps. Where statistically significant interac-
tion or influence of one factor exists, Tukey's multiple comparison
test was performed to test pairs of averages among treatments
(o = 0.05). Cell survival data for C2C12 and HT22 cells and cell
membrane permeabilization data for H9c2 and HT22 cells were
analyzed using the nonparametric Kruskal-Wallis test and p-
values were adjusted with the post-hoc Holm method test
(o = 0.05) because the assumptions of the ANOVA were not met.

Metal release data were compared separately for Al, Pt, Fe, Mn,
Cr and Ni. The concentration of released Al, Fe and Ni was, for sta-
tistical purposes, transformed to a logarithmic scale to approxi-
mately conform to normality and analyzed with one-way
ANOVA. Tukey's multiple comparison test was performed to test
pairs of averages among treatments (o = 0.05). The concentration
of released Pt, Cr and Mn was analyzed with the nonparametric
Kruskal-Wallis test and p-values were adjusted with the post-
hoc Holm method test (o = 0.05) because the assumptions of the
ANOVA were not met,

Data were processed and visualized using Microsoft Excel 2016,
SigmaPlot 11.0 and R 3.5.2 [58].

3. Results
3.1. Membrane permeabilization and cell survival

First, we measured cell membrane permeabilization and cell
survival of CHO and H9c2 cells after exposure to different pulses
at two different electric field strengths (Fig. 2). In order to compare
the effects of the delay, we opted for an electric field strength -
where the differences between pulse treatments were most pro-
nounced. In the case of membrane permeabilization, that value
was determined to be 1.5 kV/em—with increasing the electric field
strength we achieved >90% membrane permeabilization with the
majority of pulse treatments and thus the differences between
pulses became less evident (or even undetectable). For cell sur-
vival, we chose to set the electric field strength at 2.5 kVfcm
because at lower strengths we did not achieve a decrease in sur-
vival (data not shown).

Cell membrane permeabilization increased with increasing the
delay of type 1 (fixed interphase delay) pulses, while for pulses
of type 2 (symmetric delays) no increase or even a decrease was
observed when pulses with delay of 1000 or 10,000 ps were used
for all tested cell lines (Fig. 3). Because of the previously reported
cancellation effect of the first phase by the second, we would
expect that pulses of type 1 (which have a fixed interphase delay
of 1 ps) are eqiuvalent (i.e. permeabilize the same portion of the
cells) as pulses of type 2 (symmetric delays) with short interphase
delay. Prolonging the interphase delay in pulses of type 2, however,
should abolish the “cancellation effect” making pulses of type 2
(symmetric delays) more efficient than pulses of type 1 (fixed
interphase delay) [59]. For cell membrane permeabilization, we
thus did not observe “cancellation effect” irrespective of the tested
cell line. For all four cell lines, we measured lower permeabiliza-
tion when cells were treated with pulses of type 2 (symmetric
delays) of longer delays compared to type 1 (fixed interphase
delay). Exposure to monophasic 8 x 100 ps pulses of the same
electric field strength (1.5 kV/cm) resulted in > 99% permeabilized
cells (data not shown), which indicates that biphasic H-FIRE pulses
are less effective for membrane permeabilization (consistent with
previous report by Sweeney et al. [29]).
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The survival of all four cell lines decreased when increasing the
interphase and/or interpulse delay (Fig. 4). When increasing the
delay, the total duration of the burst is increased, while the pulse
repetition rate is lowered. In other words, cell survival decreased
at lower pulse repetition rates. Only for CHO cells, survival was sig-
nificantly lower for pulses of type 2 (symmetric delays) with
1000 ps interphase delay or longer compared to type 1 (fixed inter-
phase delay). This is in agreement with the “cancellation effect”
according to which pulses with longer interphase delay are
expected to be more effective (i.e. result in lower cell survival).
The lowest survival (6.0% for CHO, —2.0% for H9c2, —5.0% for
C2C12 and 1.3% for HT22) was achieved with monophasic
8 x 100 ps pulses of the same electric field strength (2.5 kV/cm)
(data not shown) thus suggesting that 1 ps biphasic H-FIRE of
the same total duration (i.e. 800 us) are less effective also in terms
of reducing cell survival, i.e. cell kill. In other words, higher electric
field strengths are needed to achieve the same biological effect
when using biphasic H-FIRE pulses compared to standard ECT/
IRE monophasic pulses of the same cumulative duration.

The biphasic H-FIRE pulses that most effectively permeabilized
the cell membrane at 1.5 kV/cm, however, were not the most effec-
tive ones in terms of decreasing the cell survival at 2.5 kV/cm. For
example, for CHO cells statistically significant higher membrane
permeabilization was achieved after treatment with type 1 (fixed
interphase delay) pulse with 10,000 us delay (40.5%) than type 2
pulse (symmetric delays) with 10,000 ps delay which permeabi-
lized 13.5% of cells. Treatment with the respective type 2 (symmet-
ric delays) pulse, however, resulted in significantly lower cell
survival (19.2%) compared to the type 1 (fixed interphase delay)
pulse (48,7%). Membrane permeabilization of CHO cells after

application of the type 2 (symmetric delays) pulse with 10,000 ps
delay was significantly lower even than with the type 2 (symmetric
delays) pulse with 100 ps delay (35.2%). However, the type 2
(symmetric delays) pulse with 100 ps delay did not decrease the
cell survival at all, while the application of type 2 (symmetric
delays) pulse with 10,000 ps delay resulted in 19.2% cell survival.

3.2. Metal release

We also measured the concentration of released Al ions from
wire electrodes made from pure aluminum, concentration of
released Pt from platinum wire electrodes and concentration of
released Fe, Cr, Mn and Ni ions from stainless steel 304 wire elec-
trodes in 0.9% (w/v) NaCl solution after delivery of different pulses
(biphasic H-FIRE or monophasic ECT). As reported in Table S2 in
the Supplementary Material, the metal ions of interest were
detected also in the sham control sample in which the electrodes
were immersed in the 0.9% NaCl solution only for a few seconds
and no pulses were applied. For all the different pulse treatments,
the lowest concentration of all measured metal ions was measured
from platinum electrodes followed by stainless steel 304 elec-
trodes and aluminum electrodes (Table S2 in Supplementary Mate-
rial and Fig. 5). Significantly higher concentration of released Al
from aluminum electrodes and Fe and Ni from stainless steel 304
electrodes was detected after treatment with 8 » 100 ps monopha-
sic pulses than any of the biphasic H-FIRE pulses (Table §3, S5 and
S8 in Supplementary Material), Although the measured Pt from
platinum electrodes after treatment with ECT monophasic pulses
was approximately 10 to 100 times higher than after the applica-
tion of biphasic H-FIRE pulses, the differences are statistically sig-
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Fig. 3. Cell membrane permeabilization of {(A) CHO, (B} H9¢2, (C) C2C12 and (D) HT22 cells at 1.5 kV/cm as a function of delay (AT) of H-FIRE pulses. Blue circles and solid line
represent pulses of type 1 {fixed interphase delay), red triangles and dashed line represent pulses of type 2 (symmetric delays) {(see Schematic 1). Results are presented as an
average of 3-5 repetitions. Bars represent standard deviation, asterisks (*) represent statistically significant (p < 0.05) difference between type 1 {fixed interphase delay) and
type 2 (symmetric delays) pulses with the same delay. Note the logarithmic scale on the horizontal axis.
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Fig. 4. Cell survival of {A) CHO, (B) H9¢2, (C) C2C12 and (D) HT22 cells at 2.5 kV/cm as a function of delay (AT) of H-FIRE pulses. Blue circles and solid line represent pulses of
type 1 (fixed interphase delay), red triangles and dashed line represent pulses of type 2 (symmetric delays) (see Schematic 1). Results are presented as an average of 3-5
repetitions. Bars represent standard deviation, asterisks (*) represent statistically significant (p < 0.05) difference between type 1 (fixed interphase delay) and type 2
{symmetric delays) pulses with the same delay. Note the logarithmic scale on the horizontal axis.
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Fig. 5. Concentration of released (A) Al ions from aluminum wire electrodes, (B) Pt ions released from platinum wire electrodes and (C) Fe ions from stainless steel 304 wire
electrodes in 0.9% NaCl solution determined by ICP-MS. The concentration of metal ions was measured after the electrodes were only immersed in the 0.9% NaCl solution
{control), after delivery of 8 x 100 us monophasic pulses (monophasic) with 500 V amplitude and after the delivery of a burst of 400 type 1 (interphase delay fixed at 1 ps)
biphasic H-FIRE pulses with 10,000 ps interpulse delay with amplitude 500 V (H-FIRE). Results are presented as an average of 3 repetitions. Bars represent standard deviation,
asterisks () represent statistically significant difference (p < 0.05) to control. Note the scale break.

nificant only between certain biphasic H-FIRE pulses and the ECT
monophasic pulses (Table S2 and 54 in Supplementary Material).
The interphase and interpulse delay did not have a significant
effect on metal release from aluminum or from stainless steel
304 electrodes (Table S3, S5, S6, S7 and S8 in Supplementary Mate-
rial). For platinum electrodes, however, significantly higher metal
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release was measured after the application of biphasic H-FIRE
pulses with longer interphase and interpulse delay compared to
biphasic H-FIRE pulses with shorter delays. For pulses of type 1
(fixed interphase delay) with 1000 and 10,000 ps interpulse delay
and type 2 (symmetric delays) pulse with 1000 ps interphase and
interpulse delay, we measured more Pt than for other H-FIRE
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Fig. 6. Pictures of aluminum, platinum and stainless steel 304 wire electrodes (A, C, E) before and (B, D, F) after delivery of biphasic H-FIRE and monophasic ECT pulses in

metal release experiments.

pulses (Table S2 and Table 54 in Supplementary Material), Elec-
trode corrosion after pulse delivery was apparent for the alu-
minum electrodes (Fig. 6).

4. Discussion

The aim of this study was to investigate the effect of the inter-
phase delay and interpulse delay between pairs of biphasic pulses
(i.e pulse repetition rate) of symmetric 1 ps rectangular H-FIRE
pulses on cell membrane permeabilization, cell survival/cell kill
of four different cell lines—CHO (Chinese hamster ovary), H9c2
(rat cardiomyoblast), C2C12 (mouse myoblast) and HT22 (mouse
neuronal)—and release of metal ions from aluminum, platinum,
and stainless steel 304 electrodes.

4.1. Cell survival and membrane permeabilization

We showed on four cell lines that it is possible to increase the
effectiveness (i.e. achieve lower cell survival) of short biphasic H-
FIRE pulses by increasing the interphase and interpulse delay, i.e.
reducing pulse repetition rate, This is in agreement with previous
reports that lower pulse repetition rates are more effective [60-
62| and also with the findings of Arena et al. [22] that the addition
of a delay between the positive and negative phase in H-FIRE
pulses results in more efficient cell kill. However, even biphasic
H-FIRE pulses with longer delays were less effective than
8 x 100 ps monophasic pulses, requiring the use of higher electric
field strengths to achieve the same biological effect. For CHO cells,
we showed that the previously reported cancellation effect of the
positive phase by the negative phase [29,31,35,59] exists for cell
survival for interphase delay of up to 100-1000 ps. Pulses of type
2 with interphase delays of 0.5, 10 or 100 ps were no more effective
(i.e. they did not decrease the cell survival) than pulses of type 1
(with 1 ps of interphase delay). However, when prolonging the
interphase delay of pulses of type 2 (symmetric delays) to 1000
and 10,000 us and keeping the interphase delay of type 1 pulses
at 1 ps, the “cancellation effect” was abolished and pulses of type
2 became more effective than pulses of type 1. We did not observe
the cancellation effect for cell survival with the three other tested
cell lines (H9¢2, C2C12 and HT22). However, knowing the compo-
sition of the electroporation medium can influence the response of
the cells to the electric pulses [63-65], it is important to note that
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the cells were electroporated in different media (CHO in F-12 Ham
and the others in variations of the DMEM medium),

The effect of the interphase and interpulse delay on membrane
permeabilization on the other hand seems to be more complex.
The shape of the permeabilization curve (Fig. 3) is surprisingly dif-
ferent from the previously reported cancellation effect for biphasic
nanosecond and microsecond pulses [31,34,3559] since we
observed lower membrane permeabilization with pulses of type
2 (symmetric delays) of longer interphase delays (1000 or
10,000 us) than pulses of type 1 with 1 pus interphase delay. Qur
results also suggest that higher membrane permeabilization does
not always result in lower cell survival and vice versa that low cell
survival is not necessarily a consequence of high membrane per-
meabilization. This indicates a more complex interplay between
membrane permeabilization and cell survival and suggests that
cell survival is affected also by other factors besides membrane
permeabilization.

The majority of previous studies has focused on the use of
biphasic H-FIRE pulses for tissue ablation [22,23,25]. Tissue abla-
tion is based on irreversible electroporation and thus an effective
protocol must result in low cell survival. Recently, short biphasic
H-FIRE pulses have also been explored for use in ECT [30]. ECT is
based on reversible electroporation and the authors have shown
in vitro that is possible to use also biphasic H-FIRE pulses (which
they named high frequency electroporation (HF-EP) pulses) for cis-
platin ECT—but again with higher electric field strengths than the
commonly used 8 x 100 us monophasic pulses. Our results suggest
that for ECT and other applications based on reversible electropo-
ration also 1 ps biphasic H-FIRE pulses with interphase delay of up
to 100-1000 ps can be used since we achieved high membrane per-
meabilization without decrease in cell survival with their
application.

H-FIRE pulses have attracted attention because it has been
shown that their application results in reduced pain and muscle
contractions compared to monophasic pulses of the same ampli-
tude. The results of a numerical model study [66] indicate that it
is possible to avoid nerve stimulation with the use of bursts of
short biphasic pulses which achieve the same IRE efficacy as con-
ventional 100 ps monophasic pulses because the stimulation
thresholds raise faster than the irreversible electroporation thresh-
olds. However, higher electric field strength is required to achieve
the same effect as with monophasic pulses. It thus remains to be
tested also experimentally if pain and muscle contractions remain
reduced when using biphasic H-FIRE pulses at amplitudes that pro-
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duce the same biological effect as monophasic pulses. Reduced
muscle contraction was so far shown after the application of bipha-
sic pulses of 1, 2, 5 or 10 us duration of each phase and symmetric
interphase delay and interpulse delay between biphasic pulses of 2
or 5 ps [22,23,25,26]. It would be thus necessary to test pulse-
induced muscle contractions with the application of biphasic H-
FIRE pulses of longer interphase and interpulse delays to see if such
pulses do not cause more intense contractions.

4.2, Metal release

This is the first report of metal release from aluminum, plat-
inum and stainless steel 304 wire electrodes after treatment with
short biphasic H-FIRE pulses. We opted for electrodes made from
pure aluminum in the absence of specification of material from
which commercial aluminum cuvettes are made. The amount of
metal release depends largely on the particular electrode mate-
rial—the measured concentration of Al ions from aluminum elec-
trodes was higher than the concentration of released Fe from
stainless steel 304 and both were higher than the measured con-
centration of Pt from platinum electrodes. However, the applica-
tion of some pulses resulted in higher concentration of released
Pt from platinum electrodes than Cr and Mn from stainless steel
304 electrodes, The highest measured concentration of Pt ions
from platinum electrodes (after the application of monophasic
8 x 100 us pulses) was lower than the lowest measured concentra-
tion of Al ions released from aluminum electrodes (in sham control
samples in which the electrodes were only immersed in the 0.9%
NaCl solution and no pulses were delivered). In agreement with
previous reports [45], the application of biphasic H-FIRE pulses
resulted in significantly lower metal dissolution compared to
monophasic 8 x 100 pus pulses for aluminum and stainless steel
304 electrodes, however, for platinum electrodes the metal release
after application of biphasic H-FIRE pulses was not always statisti-
cally significant lower than for monophasic 8 x 100 ps pulses. Dif-
ferent delays of the 1 s biphasic H-FIRE pulses did not result in
significant differences in concentrations of released metals from
aluminum and stainless steel 304 electrodes in the range of pulse
parameters tested. However, more Pt ions were detected after
biphasic H-FIRE pulses of type 1 (fixed interphase delay) and type
2 (symmetric delays) pulses with longer delays were applied com-
pared to biphasic H-FIRE pulses with shorter delays. Additional
work is needed to explain how the delays affect the release of Pt.

We measured an increase (although not statistically significant
for some of the tested metals) in concentration of metal ions also in
sham control sample where electrodes were only immersed in 0.9%
NaCl solution and no pulses were delivered. This metal release
could be explained by the fact that when an electrode is placed into
an electrolyte, a so-called double layer is formed immediately,
even if no external voltage is applied. The double layer consists
of a layer of charged particles and/or orientated dipoles that exist
at the electrode-electrolyte interface. Chemical reactions occur
immediately and electrons are transferred between the electrode
and the electrolyte which results in formation of an electric field
between the electrode and the layer of ions that influences further
chemical reactions and promotes oxidation reactions [54].

The differences in concentrations of Fe, Cr, Mn and Ni deter-
mined after the delivery of the same pulse with the stainless steel
304 electrodes are probably related to different concentrations of
elements in stainless steel 304 and differences in standard poten-
tials of reduction half reactions. The stainless steel 304 wire from
which our electrodes were made is, according to manufacturer's
specification, composed of 18% Cr, 10% Ni, <2% Mn, <800 ppm C
and the rest is Fe. We measured the concentration of Fe, Cr, Ni
and Mn. After the delivery of 8 = 100 ps monophasic pulses, the
highest concentration of Fe ions was measured followed by Cr, Ni
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and Mn (proportional to the stainless steel 304 composition). How-
ever, after the application of biphasic H-FIRE pulses, we detected a
similar concentration of released Cr and Mn, slightly higher con-
centration of released Ni and the highest concentration of Fe,
which is not proportional neither to the stainless steel 304 compo-
sition or to the standard potentials of the oxidation reactions. Fur-
ther work would be needed in order to understand the effect of
different pulses on the concentration of released metals.

The medium in which metal release experiments were per-
formed was a pure 0.9% NaCl solution in water. We are aware that
such solution does not mimic real-life electroporation media or tis-
sue, however, it allowed us to detect very small amounts of metal
ions. In preliminary metal release experiments, we used growth
medium F-12 Ham (data not shown), however, this medium
already contains some metals, especially Fe and Mn, in concentra-
tions of several orders of magnitude higher than the concentra-
tions of released metal ions from electrodes measured in our
experiments.

A limitation in our study was that we used electrodes of differ-
ent geometry for the cell experiments (plate electrodes) and metal
release experiments (wire electrodes) resulting also in different
contact surface and current densities. The contact surface for the
plate electrodes is approximately 1.5 times smaller than for wire
electrodes, resulting in an approximately 1.5 times larger current
density for plate electrodes. While the plate electrodes provide a
relatively homogeneous field in the suspension, the field is nonho-
mogeneous when wire electrodes are used. We still believe that
the following conclusion based on our results is valid: for biphasic
H-FIRE pulses of 1 ps duration, it is possible to increase the delay
up to 10,000 ps and to improve the effectiveness by reducing the
pulse repetition rate without drastically increasing metal release
from electrodes. It is important to note also that the delivery of
pulses, especially 8 x 100 us monophasic, caused visible corrosion
of the aluminum electrodes that also changed the electrode geom-
etry. No corrosion was observed for platinum and stainless steel
304 electrodes.

Aluminum, platinum and stainless steel are commonly used
materials for electrode fabrication. It was shown previously that
the use of aluminum, platinum and stainless steel electrodes
results in release of the electrode material [41-43,45,47 48,54,6
7-69]. Pt metal is biologically inert [70], however, Al and Fe ions
showed to be cytotoxic and to affect the biochemistry of electropo-
rated cells [42,45,71]. The effects of other metals from which the
stainless steel 304 electrodes are composed (Mn, Cr, Ni) on electro-
porated cells has not been studied yet to the best of our knowledge.
However, these metals have been shown to be toxic and cancero-
genic or to have reproductive and developmental toxicity [71-
74). In some in vitro cell studies, Mn in the concentration from
2 uM to a few hundred pM already affected cells [75-77]. The con-
centration of released Mn from stainless steel 304 electrodes in our
experiments was also in this concentration range. Cr(VI) in submi-
cromolar concentration has been shown to decrease the survival of
cells in vitro [77,78], while in our experiments the concentration of
released Cr was in the micro- and milimolar range (although we do
not know the oxidation state of Cr). The concentration of different
Ni compounds that reduced the cell survival/cloning efficiency and
caused transformations in in vitro cell studies, was reported to be
in the micro- and milimolar range [79-81], which is in the same
range as the Ni released from stainless steel 304 electrodes in
our experiments.

5. Conclusions

Short biphasic H-FIRE pulses with longer delays (i.e. lower pulse
repetition rates) are more effective in terms of decreased survival
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(achieving cell kill) and do not significantly increase electrolytic
contamination with metal ions from the electrodes. Lower pulse
repetition rates also reduce temperature increase [82], but prolong
the treatment time. To achieve the same biological effect as with
8 x 100 ps monophasic pulses, however, a higher electric field
strength is needed. Higher cell membrane permeabilization does
not always result in lower cell survival which indicates a more
complex interplay between cell membrane permeabilization and
cell survival. It still has to be determined if application of short
biphasic H-FIRE pulses with higher voltage results in reduced mus-
cle contractions and lower metal release from electrodes compared
to commonly used 8 x 100 ps monophasic pulses with equivalent
biological effect.
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2.1.2 Electroporation with nanosecond pulses and bleomycin or cisplatin results in
efficient cell kill and low metal release from electrodes

Vizintin A., Markovi¢ S., Séanéar J., Miklav¢i¢ D. 2021. Electroporation with nanosecond
pulses and bleomycin or cisplatin results in efficient cell kill and low metal release from
electrodes. Bioelectrochemistry, 140: 107798, doi: 10.1016/j.bioelechem.2021.107798: 12

p-

Nanosecond electric pulses have several potential advantages in electroporation-based
procedures over the conventional micro- and millisecond pulses including low level of
heating, reduced electrochemical reactions and reduced muscle contractions making them
alluring for use in biomedicine and food industry. The aim of this study was to evaluate if
nanosecond pulses can enhance the cytotoxicity of chemotherapeutics bleomycin and
cisplatin in vitro and to quantify metal release from electrodes in comparison to 100 Is pulses
commonly used in electrochemotherapy. The effects of nanosecond pulse parameters
(voltage, pulse duration, number of pulses) on cell membrane permeabilization, resealing
and on cell survival after electroporation only and after electrochemotherapy with bleomycin
and cisplatin were evaluated on Chinese hamster ovary cells. Application of permeabilizing
nanosecond pulses in combination with chemotherapeutics resulted in successful cell kill.
Higher extracellular concentrations of bleomycin — but not cisplatin — were needed to
achieve the same decrease in cell survival with nanosecond pulses as with eight 100 Is pulses,
however, the tested bleomycin concentrations were still considerably lower compared to
doses used in clinical practice. Decreasing the pulse duration from microseconds to
nanoseconds and concomitantly increasing the amplitude to achieve the same biological
effect resulted in reduced release of aluminum ions from electroporation cuvettes.

Supplementary data to this article can be found online at
https://doi.org/10.1016/].bioelechem.2021.107798.
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Nanosecond electric pulses have several potential advantages in electroporation-based procedures over
the conventional micro- and millisecond pulses including low level of heating, reduced electrochemical
reactions and reduced muscle contractions making them alluring for use in biomedicine and food indus-
try. The aim of this study was to evaluate if nanosecond pulses can enhance the cytotoxicity of
chemotherapeutics bleomycin and cisplatin in vitro and to quantify metal release from electrodes in com-
parison to 100 ps pulses commonly used in electrochemotherapy. The effects of nanosecond pulse
parameters (voltage, pulse duration, number of pulses) on cell membrane permeabilization, resealing
and on cell survival after electroporation only and after electrochemotherapy with bleomycin and cis-
platin were evaluated on Chinese hamster ovary cells. Application of permeabilizing nanosecond pulses
in combination with chemotherapeutics resulted in successful cell kill. Higher extracellular concentra-
tions of bleamycin - but not cisplatin - were needed to achieve the same decrease in cell survival with
nanosecond pulses as with eight 100 ps pulses, however, the tested bleomycin concentrations were still
considerably lower compared to doses used in clinical practice. Decreasing the pulse duration from
microseconds to nanoseconds and concomitantly increasing the amplitude to achieve the same biological

effect resulted in reduced release of aluminum ions from electroporation cuvettes.
@ 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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thresholds [14,15]. Electroporation with nanosecond pulses
showed induction of apoptosis and antitumor activity [16-23].

1. Introduction

Exposure of cells/tissue to pulsed electric fields allows
transmembrane transport of otherwise impermeant molecules.
This phenomenon of increased cell membrane permeabilization
due to exposure to short electric pulses is called electroporation,
sometimes termed also electropermeabilization or pulsed electric
field treatment. The underlying mechanisms of electroporation
have been recently reviewed by Kotnik et al. [1]. Electroporation
with nanosecond pulses alleviates multiple limitations existing in
conventional micro- and millisecond range electroporation.
Nanosecond pulses penetrate the cell interior, having more
profound effects on the organelles |2-7]; however, as was first the-
oretically predicted and later confirmed experimentally, the
plasma membrane is also affected [8-10|. Permeabilization of the
cell membrane to medium sized molecules like bleomycin [11]
and siRNA [12], and more recently even the delivery of plasmids
[13] was reported using nanosecond pulses. Nanosecond pulses
electroporate cells of different sizes and shapes at similar

* Corresponding author.
E-mail address: Damijan.Miklavcic@fe.uni-lj.si (D. Miklav&i).

https:/[doi.org(10.1016/j.bicelechem.2021.107798
1567-5394/© 2021 The Author(s). Published by Elsevier B.V.

The use of pulses of high electric field strength but very short
duration means that the energy transmitted by the pulses to the
treated volume is very low and leads to a low level of heating, thus
minimizing the possibility of thermal damage to tissue [2,24].
Electroporation with longer (i.e. in the micro- and millisecond
range) pulses is used in various applications including transfection
of cells/transformation of bacteria, extraction of biomolecules from
cells, inactivation of microorganisms in water and liquid foods,
tissue ablation and electrochemotherapy (ECT) [25-28]. ECT is a
local treatment of cancer which combines the use of electric pulses
delivered on the tumor area and some standard chemotherapeu-
tic agents for which plasma membrane represents a barrier for
reaching their intracellular target. ECT is being introduced into clin-
ical practice based on extensive preclinical data, on its effectiveness
on different tumors and on solid evidence of its mechanisms of
action [29]. Several mechanisms of action have already been identi-
fied: increased membrane permeability and intracellular drug accu-
mulation, vascular disruption, vascular lock and involvement of
immune response; the dominant mechanisms being increased cel-
lular uptake of non-permeant or low permeant anticancer drug with

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a very high intrinsic cytotoxicity due to exposure of cells or tumors
to cell membrane-permeabilizing electric pulses [30]. Increased
cytotoxicity of bleomycin and cis-diaminedichloroplatinum () (cis-
platin), two most often used chemotherapeutics in ECT, was demon-
strated in vitro, with several-fold potentiation [31,32] and
confirmed in vive on different animal tumor models and patients
[33-37]. Despite the success of the therapy, some side effects were
reported, According to the patients, the most unpleasant or even
painful side effects were the sensations during the pulse delivery,
which were mainly attributed to peripheral nerve stimulation and
muscle contractions [38-43]. The applied electric pulses in ECT
are most commenly delivered in trains of eight monophasic pulses
of 100 ps duration with 1 Hz or 5 kHz pulse repetition rate. It seems
that muscle contractions are significantly reduced when using
nanosecond pulses compared to microsecond-long pulses [44,45],
although more studies would be needed to further support this
point, thus making the use of nanosecond pulses in
electroporation-based applications in medicine like ECT com-
pelling. The increased cytotoxicity of bleomycin after electropora-
tion and consecutive cell death in vitro was already shown with
10 ns pulses [11] and Tunikowska et al. [46] have reported a case
study of successful ECT in feline oral malignant melanoma using
bleomycin and 15 ns pulses after CO, laser surgery. Novickij et al.
[47] showed a comparable delay of tumor growth in mice treated
with a combination of doxorubicin and eight 100 pus pulses or 250
800 ns pulses. However, until now, there are no reports of compre-
hensive exploration of the effects of various nanosecond pulse
parameters on effectiveness of reversible electroporation combined
with bleomycin or cisplatin which could aid in developing effective
ECT protocols for use in the clinic.

In electroporation procedures, the electric field in cell suspen-
sion or tissue is usually established by delivering electric pulses
through metallic electrodes in contact with the treated medium/tis-
sue, During delivery of high-voltage electric pulses to cells in sus-
pension or in tissue, electrochemical processes occur at the
electrode-electrolyte interface, such as electrolysis, generation of
radicals and release of metal ions from the electrodes which results
in corrosion and fouling of the electrodes, release of the electrode
material orfand chemical modification of the medium [48,49]. For
research purposes, the use of aluminum cuvettes is common, where
delivery of electroporation pulses causes also release of aluminum
ions from the electrodes [50-53|. The release of aluminum ions has
been associated with a change of the solution pH [52,53]. The
released aluminum ions can precipitate nucleic acids and proteins
[54,55] and affect the biochemistry of the electroporated cells
[51]. It was confirmed experimentally that shortening of the pulse
andfor use of biphasic pulses reduces electrochemical reactions
[50,56-58]. However, shorter pulses necessitate the use of higher
electric field strengths andjor higher number of pulses to achieve
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the same biological effect as with longer pulses |59 ]. It thus remains
unclear whether shortening the pulse duration to nanoseconds
with concomitantly increasing the voltage (and/or number of
pulses used) still results in reduced electrochemical reactions.
The aim of our study was to evaluate in vitro if nanosecond elec-
tric pulses can enhance the cytotoxicity of bleomycin and cisplatin
to a similar extent as eight 100 pus pulses commonly used in elec-
trochemotherapy and to quantify the release of aluminum ions
from electroporation cuvettes in comparison to eight 100 us pulses.

2. Materials and methods
2.1. Electroporation set-up and pulse delivery

In cell experiments, a laboratory prototype pulse generator
(University of Ljubljana), based on H-bridge digital amplifier with
1 kV MOSFETs (DE275-102N06A, IXYS, USA) [60] was used to deli-
ver eight standard ECT monophasic rectangular pulses of 100 us
duration with 1 Hz repetition rate. In metal release experiments,
the Cliniporator Vitae (IGEA, Italy) was used to deliver the eight
100 pus monophasic rectangular pulses with 1 Hz repetition rate.
The CellFX System (Pulse Biosciences, California, USA) was used
to deliver monophasic nanosecond rectangular pulses of 200, 400
or 550 ns duration (set duration on the pulse generator which fits
well also with the full width at half maximum). We delivered 1, 25
or 100 nanopulses at repetition rate of 10 Hz. The voltage and the
electrical current were monitored in all experiments. For microsec-
ond pulses, the oscilloscope WaveSurfer 422, 200 MHz, high-
voltage differential voltage probe ADP305 and current probe
CP030, CPO31A or CP150 (all from Teledyne LeCroy, New York,
USA) was used. For nanosecond pulses, the current was measured
by Pearson current monitor model 2878 (1 V/10 A, 70 MHz) and
the voltage was measured by 1 kQ resistor and Pearson current
monitor model 2877 (1 V|1 A, 200 MHz) (all from Pearson Elec-
tronics, California, USA); the signals were monitored by the oscillo-
scope WaveSurfer 3024Z, 200 MHz (Teledyne LeCroy). The electric
field strength (E) was calculated by dividing the measured voltage
with the distance between the electrodes (i.e. the size of the gap of
the electroporation cuvette). The waveforms of a 200 ns and 100 ps
pulse are shown in Fig. 1. The energy delivered by the electric
pulses was estimated by multiplying the pulse duration and num-
ber of pulses with the measured amplitude of the voltage and mea-
sured amplitude of the electric current. The cell suspension in the
electroporation cuvettes was at room temperature during pulse
delivery. Temperature rise was measured by the fiber optic tem-
perature sensor OTG-M170 and ProSens signal conditioner (both
OpSens, Canada), The sensor was placed inside a 2 mm or 4 mm
gap electroporation cuvette (VWR, Pennsylvania, USA) filled with
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Fig. 1. Waveforms of pulses used in the study: {A) 200 ns, electric field strength of 6.1 kV/em, and (B} 100 ps, electric field strength of 1.1 kV/cm. (A) the amplitude of the

200 ns pulse from 0.3 te 1.1 ps is zoomed in to show the reflected waves.
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cell suspension and temperature was measured before, during and
after delivery of electric pulses.

2.2. Cell culture

CHO-K1 Chinese hamster ovary cell line, obtained directly from
the European Collection of Authenticated Cell Cultures (ECACC, cat.
no. 85051005, mycoplasma free), was grown in Nutrient Mixture
F-12 Ham (cat. no. N6658, Sigma-Aldrich, Missouri, United States)
supplemented with 10% fetal bovine serum (FBS, cat. no. F9665,
Sigma-Aldrich), 1.0 mM L-glutamine (cat. no. G7513, Sigma-
Aldrich), 1 U/ml penicillin/streptomycin (cat. no. P0781,
Sigma-Aldrich) and 50 pg/ml gentamycin (cat. no. G1397, Sigma-
Aldrich) for 2-4 days at 37 °C in a humidified, 5% CO, atmosphere.
On the day of the experiment, cells were detached with
1 x trypsin-EDTA (cat. no T4174, Sigma-Aldrich) diluted in
1 x Hank’s basal salt solution (cat. no. H4641, Sigma-Aldrich).
Trypsin was inactivated by Dulbecco’s Modified Eagle Medium
(DMEM, cat. no. D5671, Sigma-Aldrich) supplemented with 10%
FBS (cat. no. F9665, Sigma-Aldrich), 2.0 mM L-glutamine, 1 U/ml
penicillin/streptomycin and 50 pg/ml gentamycin (used in this
composition through all experiments). Cells were transferred to a
50 ml centrifuge tube and centrifuged 5 min at 180g and 23 °C.
The supernatant was aspirated, and cells were re-suspended at a
cell density of 4 x 10° (for cell survival and cell membrane perme-
abilization experiments after electroporation) or 4.2 x 10° (for ECT
experiments) cells/ml in the complete growth medium DMEM
which was used as electroporation medium. Conductivity of com-
plete growth media F-12 Ham and DMEM were measured at room
temperature with conductometer MA 5950 (Metrel, Slovenia).

2.3. Cell membrane permeabilization and resealing

To determine the percentage of permeabilized cells at different
electric field strengths, the suspension of CHO cells was mixed
with YO-PRO-1 iodide (cat. no. Y3603, Thermo Fisher Scientific,
Massachusetts, USA) to final concentration of 1 uM right before
application of electric pulses. 600 ul (for treatment with
nanopulses) or 150 ul (for treatment with 8 x 100 ps pulses) of
the cells-YO-PRO-1 mixture was transferred in an electroporation
cuvette with 4 mm (nanopulses) or 2 mm (8 x 100 ps pulses) gap,
followed by pulse application. 20 pl of the treated cell suspension
was transferred to a new 1.5 ml microcentrifuge tube. Three min-
utes after the last pulse, 150 ul of complete growth medium DMEM
was added. To determine the time needed for cell membrane
resealing, 600 ul (for treatment with nanopulses) or 150 ul (for
treatment with 8 x 100 us pulses) of suspension of CHO cells
was transferred in an electroporation cuvette with 4 mm (nano-
pulses) or 2 mm (8 x 100 ps pulses) gap, followed by pulse appli-
cation. 10 ul of the treated cell suspension was transferred to 13
new 1.5 ml microcentrifuge tubes. Every 2 min after the last pulse
(until 26 min after the last pulse), 1 ul of 0.01 mM YO-PRO-1 in
complete growth medium DMEM was added to the cell suspension
in one of the tubes and 3 min after addition of YO-PRO-1, 150 ul of
complete growth medium DMEM was added to the cell suspen-
sion. Cell suspensions from both cell membrane permeabilization
and resealing experiments were gently vortexed before analysis
on the flow cytometer Attune NxT (Thermo Fisher Scientific). Cells
were excited with a blue laser at 488 nm, and the emitted fluores-
cence was detected through a 530/30 nm band-pass filter. The
measurement was stopped when 10,000 events were acquired.
The obtained data were analyzed using the Attune NXT software
(Thermo Fisher Scientific). Single cells were separated from all
events by gating. The percentage of cells with permeabilized cell
membrane and median YO-PRO-1 fluorescence was determined
from the histogram of YO-PRO-1 fluorescence. The experiments
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were repeated 3-4 times per each pulse protocol. The sham control
was handled in the same way as the samples with the exception
that no pulses were delivered.

2.4. Cell survival after electroporation

Just before pulse delivery, 600 pl (for treatment with
nanopulses) or 150 ul (for treatment with 8 x 100 ps pulses) of
suspension of CHO cells in complete growth medium DMEM was
pipetted in an electroporation cuvette with 4 mm (nanopulses)
or2 mm (8 x 100 ps pulses) gap. The electroporation cuvettes were
placed in the cuvette holder and electric pulses were applied (for
the sham control no pulses were applied). Then, the cell suspen-
sion (20 pl) was transferred to a new 1.5 ml microcentrifuge tube
and 25 min after the last pulse, complete growth medium F-12
Ham (380 pl) was added. The cell suspension was gently vortexed
and plated (100 pl) in a well of a flat bottom 96-well plate in three
technical replicates. Cells were kept at room temperature outside
the incubator for the duration of the whole experiment (approxi-
mately one hour). The plate was incubated at 37 °C in a humidified,
5% CO, atmosphere. Cell survival was assessed by MTS assay. After
24 h of incubation, 20 ul of The CellTiter 96 AQueous One Solution
Cell Proliferation Assay (cat. no. G3580, Promega, Wisconsin, USA)
was added per well of the 96-well plate, After 2 h 35 min of incu-
bation at 37 °C in a humidified, 5% CO, atmosphere, absorbance at
490 nm was measured with the spectrofluorometer Infinite 200
(Tecan, Austria). The survival was calculated by first subtracting
the absorbance of the blank (5 ul of complete growth medium
DMEM and 95 pl of complete growth medium F-12 Ham) and then
normalizing the average absorbance of the three technical repli-
cates of the sample to the absorbance of the sham controls. The
experiments were repeated 3-5 times per each pulse protocol.

2.5. Cell survival after electrochemotherapy

Bleomycin sulphate (Medac, Germany) was diluted in water to
concentration of 2 mM, aliquoted and stored at —20 °C. On the
day of experiment, an aliquot was thawed and diluted in saline
solution to prepare working solutions that after addition to the cell
suspension resulted in final concentrations of 1 nM, 5 nM, 10 nM,
20 nM, 40 nM, 60 nM, 80 nM 100 nM, 140 nM, 200 nM, 300 nM,
400 nM or 500 nM bleomycin. Cisplatin (Cisplatin Kabi, 1 mg/mL,
Fresenius Kabi, Germany) was diluted in saline solution on the
day of the experiment to prepare working solutions that after addi-
tion to the cell suspension resulted in final concentrations of 10 uM,
30 uM or 50 uM cisplatin. 600 pl (nanopulses) or 165 pl (8 x 100 ps
pulses) of the cell suspension was pipetted in 1.5 ml microcen-
trifuge tubes. Just before electroporation, 32 ul (nanopulses) or
8.8 ul (8 x 100 ps pulses) of appropriate dilution of the drug in sal-
ine solution (for control without drug: saline solution only) was
added so that the final cell concentration was 4 x 10° cell/ml. Then,
600 pl (nanopulses) or 150 pl (8 x 100 us pulses) of the cells-drug
mixture was transferred in an electroporation cuvette with 4 mm
(nanopulses) or 2 mm (8 x 100 ps pulses) gap. 7.5 pl (for MTS
assay) or 5 pl (for clonogenic assay) from the remaining cells-drug
mixture was transferred to a new 1.5 ml microcentrifuge tube for
non-electroporated control. For clonogenic assay, the rest of the
cells-drug mixture was mixed with trypan blue and counted with
Countess Automated Cell Counter (Invitrogen, Thermo Fisher Sci-
entific) following manufacturer’s instructions. Electric pulses were
applied to the electroporation cuvettes and 7.5 pl (for MTS assay) or
5 ul (for clonogenic assay) of the electroporated cells was pipetted
into a new 1.5 ml microcentrifuge tube. Complete growth medium
F-12 Ham (600 pl for MTS assay or 495 pl for clonogenic assay) was
added to the electroporated cells and non-electroporated controls
25 min after pulse delivery. Cells were kept at room temperature
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outside the incubator for the duration of the whole experiment (ap-
proximately one hour). For MTS assay, the cell suspension (110 ul)
was plated in a well of a flat bottom 96-well plate in three technical
replicates. The plate was incubated at 37 °C in a humidified, 5% CO,
atmosphere. After 72 h, CellTiter 96 AQueous One Solution Cell Pro-
liferation Assay (22 ul) was added per well of the 96-well plate. The
plate was incubated at 37 °C in a humidified, 5% CO, atmosphere
and after 2 h 35 min, absorbance at 490 nm was measured with
the spectrofluorometer Infinite 200. The survival was calculated
by first subtracting the absorbance of the blank (110 ul of complete
growth medium F-12 Ham) and then normalizing the average
absorbance of the three technical replicates of the sample to the
absorbance of the non-electroporated controls without the drug.
For clonogenic assay, the cell suspension was additionally diluted
in growth medium Ham F12 to achieve the desired cell concentra-
tion and 2.5 ml was plated in a well of a 6-well plate in three tech-
nical replicates. The plates were incubated at 37 °C in a humidified,
5% CO, atmosphere. After 7 days of incubation, the growth medium
was aspirated and 1 ml of 0.2% crystal violet in 80% methanol (both
from Sigma-Aldrich, Merck, Germany) was added to fix and stain
the colonies. After 10 min, the crystal violet-methanol mixture
was removed and the plates were rinsed in water. Average plating
efficiency from the 3 technical replicates was calculated by divid-
ing the number of counted colonies (colonies containing < 50 cells
were disregarded) with the number of plated cells. Surviving frac-
tion was calculated by dividing the plating efficiency with the plat-
ing efficiency of the untreated control (non-electroporated cells
without the drug). The experiments were repeated 3-6 times per
pulse protocol. Integrated modulation contrast (IMC) micrographs
of cells were taken 72 h after exposure to the electric pulses and/
or drug with DM IL LED (Leica, Germany) inverted microscope
using 10 x objective.

2.6. Metal release

In contrast to cell experiments where DMEM growth medium
was used as electroporation medium, pure NaCl solution was used
in metal release experiments because it allowed us to detect very
low concentrations of aluminum ions. Electroporation cuvettes
with 4 mm gap were filled with 600 ul of 0.9% (w/v) NaCl in water
solution, prepared from water for ultratrace analysis (cat. no.
14211, Sigma-Aldrich) and 99.999% pure NaCl (cat. no. 204439,
Sigma-Aldrich). After application of electric pulses (no pulses were
applied for the sham control), the treated 0.9% NaCl solution
(0.5 ml) was transferred to a new 15 ml centrifuge tube and
1.25 pl of 65% HNO5 (Merck) was added. Experiments were per-
formed in four replicates. For reagent blanks, 65% HNO; (5 pl)
was added to 2 ml of 0.9% NaCl solution in a 15 ml centrifuge tube.
Samples were kept at 4 °C until analysis. Al content in samples was
determined by inductively coupled plasma mass spectrometry
(ICP-MS). Prior to ICP-MS analysis, the samples were diluted with
MilliQ water (18.2 MQ cm obtained from a Direct-Q 5 Ultrapure
water system, Merck Millipore, Massachusetts, USA). Quantifica-
tion of Al by ICP-MS was performed based on external calibration
by measuring Al standards in the concentration range of 0.1 -
1000 pgfl with online internal standardization (25 pg/l solution
of Sc, Ge, Y, Rh, In, Ir and Bi). Calibration standard solutions were
prepared from Al stock solution (1000 mg/l in 5% HNQO, obtained
from Merck), Surface (SPS-SW1) water reference materials, sup-
plied by Spectrapure Standards AS (Norway), were used to assess
the accuracy of determinations. For ICP-MS analysis, an Agilent
7900 ICP-MS (Agilent Technologies, California, USA) equipped with
an auto sampler (SPS4, Agilent Technologies) was used. Optimiza-
tion of instrumental parameters (summarized in Table S1 in
Supplementary Material) was performed on daily basis in order
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to achieve satisfactory sensitivity and low levels of oxides and dou-
bly charged ions.

2.7. Statistical analysis

Membrane resealing data were analyzed with the nonparamet-
ric Kruskal-Wallis test because the assumption of equal variances
(tested by Levene's median test at o = 0.05) was not met. P-
values were adjusted with the post-hoc Holm method test
(2 = 0,05). The normalized survival after ECT measured by MTS
was compared to the untreated control with one sample t-test
(o = 0.05), survival after ECT measured by the clonogenic assay
was compared to the untreated control with Welch's t-test
(2 = 0.05). The concentration of released Al after delivery of each
pulse protocol was compared to the sham control or to the mea-
sured concentration after delivery of 8 x 100 ps pulses with
Welch's t-test because of unequal variances (tested by F-test).
The relative standard deviation was obtained by multiplying the
standard deviation by 100% and dividing this product by the aver-
age. Data were processed and visualized using Microsoft Excel
(Microsoft, Washington, USA), MATLAB R2020a (MathWorks, Mas-
sachusetts, USA) and R 3.5.2 [61].

3. Results and discussion

3.1. Cell membrane permeabilization and cell survival after
electroporation

To determine the optimal parameters for electrochemotherapy
(i.e. highest cell survival and highest cell membrane permeabiliza-
tion in terms of fraction of permeabilized cells), cell membrane
permeabilization and cell survival of CHO cells was measured after
exposure to classical 8 x 100 ps pulses and nanopulses at different
electric field strengths (Fig. 2 and Fig. 51 in Supplementary Mate-
rial). Growth medium was not added to cells right after the electro-
poration but after an incubation period of 25 min at room
temperature to allow cell membrane resealing before plating/ana-
lyzing the electroporated cells. For delivery of nanopulses, electro-
poration cuvettes with 4 mm gap filled with 600 pl of sample at
room temperature were used to match the CellFX generator and
the load in terms of reflections [23]. Delivery of 8 x 100 us pulses
to electroporation cuvettes with 4 mm gap filled with 600 pl of
sample would have resulted in an electric current out of the safe
operation area of the microsecond pulse generator at amplitudes
required for electroporation. Therefore electroporation cuvettes
with 2 mm gap filled with 150 ul of sample were used with the
microsecond pulse generator.

CHO cells where cultivated in the Ham F-12 growth medium
(which is the recommended culture medium for this cell line),
however, delivering pulses of higher amplitudes to electroporation
cuvettes filled with Ham F-12 medium resulted in arcing. Arcing
was not detected when DMEM growth medium was used to deliver
pulses of same amplitudes and was thus selected as electropora-
tion medium for cell experiments. Although both media are highly
conductive (the conductivity at room temperature was 13.8 mS/cm
for Ham F-12 and 14.2 mS/cm for DMEM), resulting in electric cur-
rents in the range of tens and even hundreds of amperes, the mea-
sured temperature increase after pulse delivery was very small, <
3 °C, Cell death due to thermal damage or effect of temperature
increase on membrane permeabilization is thus highly unlikely.

The proportion of cells with permeabilized cell membrane
increased with increasing the electric field strength and for shorter
pulses, higher electric field strengths were needed to reach the
same level of cell membrane permeabilization as with longer
pulses; and with increasing the number of pulses, lower electric
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Fig. 2. Cell survival (triangles, dashed black line), cell membrane permeabilization rate (circles, solid black line} and median fluorescence intensity of YO-PRO-1 (squares,
solid grey line) at different electric field strengths (E) after delivery of (A} 8 x 100 ps pulses, 1 Hz repetition rate, (B) 1 < 400 ns pulse, (C) 25 = 400 ns pulses, 10 Hz repetition
rate, (D) 100 = 400 ns pulses, 10 Hz repetition rate, Note the different scale for (A) 8 = 100 ps pulses, Bars represent standard deviation, Survival and permeabilization curves

for other pulse parameters are on Fig. 51 in Supplementary Material.

field strengths were required to achieve the same effect - in
accordance with expectations [59].

The optimal values of the electric field strength for the
8 x 100 ps pulses, 1 Hz repetition rate, was determined to be
1.1 kV/cm, which is comparable to previous studies [62,63]. The
optimal electric field strengths for the nanopulse treatments were
higher and are given in Table 1. We noticed a sample to sample
variation in the measured amplitude and electric current on the
load when delivering nanopulses with the same amplitude set -
the variations were larger at higher voltages. When setting the
voltage, which was determined to be the maximal voltage in the
safe operation of the CellFX generator, the average calculated elec-
tric field strength resulted to be 12.6 kV/cm for 200 ns pulses but
13.2 kV/cm for 400 and 500 ns pulses (Table 1). These differences
in the voltage on the load, along with some other possible varia-
tions e.g. in the geometry of the electroporation cuvettes, are a
source of variation between samples because when a certain
voltage was set, the cells were not always exposed to exactly the
same electric field.

Table 1
Experimentally determined optimal values of the electric field strength (E) for
electroporation.

Pulse parameters Optimal value of E (kV/cm)

8 pulses of 100 ps, 1 Hz repetition rate 1.1
1 pulse of 200 ns 12.6
1 pulse of 400 ns 13.2
1 pulse of 550 ns 13.2
25 pulses of 200 ns, 10 Hz repetition rate 6.1
25 pulses of 400 ns, 10 Hz repetition rate 39
25 pulses of 550 ns, 10 Hz repetition rate 31
100 pulses of 200 ns, 10 Hz repetition rate 43
100 pulses of 400 ns, 10 Hz repetition rate 25
100 pulses of 550 ns, 10 Hz repetition rate 25
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With increasing the electric field strength, high (i.e. > 99%) cell
membrane permeabilization was achieved for all pulse treatments
except for 1 pulse of 200 ns; this pulse treatment resulted in 85%
cell membrane permeabilization at 12.6 kV/cm (which was previ-
ously determined to be the highest electric field strength within
the safe operation range of the CellFX pulse generator). For 1 pulse
of 200, 400 or 500 ns we did not observe a decrease in cell survival
compared to the sham control even at the highest electric field
strength, but when using 25 or 100 pulses, the survival decreased
at higher electric field strengths. When increasing the number of
pulses, the survival started decreasing before the cell membrane
permeabilization reached its maximum. For applications based on
irreversible electroporation (e.g. tissue ablation), using more pulses
of lower electric field strengths might thus be more adequate.
However, if the goal is to achieve reversible electroporation (like
in ECT), the use of fewer pulses at higher electric fields strengths
gives a wider window in which cells are reversibly electroporated.

Increasing the electric field strength above the value that
permeabilized > 99% of cell resulted in increased median fluores-
cence of YO-PRO-1, indicating that at higher electric field strengths,
more molecules of the dye entered the cells. As can be seen from
Fig. 2 and Fig. S1 in Supplementary Material, the lowest fluores-
cence intensity was measured with nanosecond pulse protocols
with only one pulse - the median fluorescence intensity did not
exceed 5 000 a.u. even when applying the maximum voltage; in
case of one 200 ns pulse, the maximum measured fluorescence
intensity was even bellow 1 500 a.u. At the electric field strength
determined to be optimal for ECT, the highest YO-PRO-1 fluores-
cence intensity was measured for the 8 x 100 ps pulse protocol.

3.2. Cell membrane resealing

Cell membrane resealing was determined by measuring the
percentage of permeabilized cells every 2 min from 2 min to
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26 min after electroporation with pulses at the optimal electric
field strength for ECT, as determined in previous cell survival and
cell membrane permeabilization experiments (Table 1). For
nanosecond pulse treatments, the time needed for membrane
resealing was similar or longer as for the 8 x 100 ps pulses (for
which the membrane reseals in < 5 min). After electroporation
with twenty-five 200 ns, 400 ns or 550 ns pulses, one 400 ns or
550 ns pulse or one hundred 550 ns pulses, the membrane needed
a significantly longer time (> 10 min) to reseal (Fig. 3). Electropo-
ration with nanosecond pulses has been shown to degrade the
microtubule network structure and attenuate lysosome movement
in calcium-containing and calcium-free solution [64,65]. Since
lysosomes are involved in some of the key cell membrane repair
mechanism (membrane patching and endocytosis-mediated pore
removal) [66,67], modulation of lysosome transport or even direct
damage to the lysosomes caused by nanosecond pulses could
interfere with the cell membrane repair resulting in longer
membrane resealing time.

3.3. Electrochemotherapy with bleomycin and cisplatin

Cytotoxicity of bleomycin and cisplatin was assessed using the
MTS assay and for selected parameters also using clonogenic assay.
Our results demonstrate that pulses in the nanosecond range are
suitable for use in ECT because they increase the bleomycin and
cisplatin cytotoxicity severalfold (Figs. 4 and 5). No decrease in cell
survival was detected for non-electroporated cells incubated with
bleomycin in the range of concentrations used, however, a
decrease in survival was observed for non-electroporated cells
incubated for 25 min with 50 uM of cisplatin. Higher extracellular
concentrations of bleomycin were needed to reduce the cell sur-
vival to the same extent as with the standard 8 x 100 ps pulses.
The tested extracellular bleomycin concentrations are, however,
still considerably lower compared to the therapeutic doses used
in clinical practice. Kosjek et al. [68] measured the concentration
of bleomycin in the serum of patients with a head and neck cancer
who were treated with electrochemotherapy. The determined con-
centration of bleomycin in the serum was around 2000 nM at
5 min and 900 nM at 40 min after systemic injection of the thera-
peutic dose (15,000 [U m~2). On the other hand, pulse duration did
not have a significant effect on the potentiation of cytotoxicity of
cisplatin. The differences between the measured cell survival after
electrochemotherapy with bleomycin and cisplatin might be a con-
sequence differences in size, cellular uptake and mechanisms of
action of the two drugs. In previous reports, the cytotoxicity of
bleomycin is potentiated several hundred-fold or even thousand-
fold by ECT, while that of cisplatin up to ten-fold [30]. The plasma
membrane dramatically limits the number of bleomycin molecules
reaching the cell interior. In the absence of electric pulses, bleomy-
cin molecules penetrate the cells by a receptor-mediated
endocytosis [69], while cisplatin enters mainly by passive diffusion
through the cell membrane [70]. Bleomycin {ca. 1500 Da) is bigger
than cisplatin (ca. 300 Da) and pores produced by nanosecond
pulses are believed to be smaller compared to pores produced by
longer electroporation pulses [9,71,72] — thus at the same extracel-
lular bleomycin concentration, more bleomycin molecules might
have entered into cells through the pores produced by the
8 x 100 ps pulses than through nanopulse-induced pores because
the microsecond pulses produced more pores through which
bleomycin could enter.

The survival of cells exposed to 8 x 100 ps pulses, 1 Hz
repetition rate at 1.1 kV/cm and 25 x 400 ns pulses, 10 Hz at
39 kV/cm at different bleomycin concentrations was also
determined with the clonogenic assay. For cells electroporated
with the micro- or nanosecond pulse protocol in the presence of
bleomycin or cisplatin, lower survival was determined by the
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Fig. 3. Cell membrane permeabilization after different time of YO-PRO-1 addition
after electroporation with (A) 200 ns pulses, (B) 400 ns pulses, (C) 550 ns pulses, (A,
B, C) 8 x 100 ps pulses delivered at 1.1 kVjcm and 1 Hz repetition rate (triangle,
grey) and sham control (cross, amber). (A): 1 x 200 ns pulse at 12.9 kVjcm
(diamond, red), 25 = 200 ns pulses at 6.3 kVfcm, 10 Hz repetition rate (square,
blue), 100 = 200 ns pulses at 4.3 kV/cm, 10 Hz repetition rate (circle, green). (B):
1 % 400 ns pulse at 13.2 kV/em (diamond, red), 25 = 400 ns pulses at 3.9 kV/cm,
10 Hz repetition rate (square, blue}, 100 x 400 ns pulses at 3.0 kVjcm, 10 Hz
repetition rate (circle, green). (C): 1 x 550 ns pulse at 13.2 kV/em {diamond, red),
25 x 550 ns pulses atr 3.2 kV/cm, 10 Hz repetition rate (square, blue), 100 =« 550 ns
pulses at 2.5 kV/cm, 10 Hz repetition rate (circle, green). Bars represent standard
deviation, asterisks (*) represent statistically significant (P < 0.05) difference from
baseline (i.e. the lowest measured permeabilization) determined by the Kruskal-
Wallis rest with post-hoc Holm method.

clonogenic assay as with MTS assay which is in agreement with
Jakstys et al. [73] who used among others the MTT assay (a colori-
metric assay in principle similar to the MTS assay) and the
clonogenic assay. In our study, the survival determined by the
clonogenic assay decreased to around 1% when cells where
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Fig. 4. Cell survival determined by the MTS assay at different (A, C, E) bleomycin and (B, D, F) cisplatin concentrations for non-electroporated CHO cells (cross, amber) and
cells electroporated with different nanosecond pulses and 8 x 100 ps pulses delivered at 1.1 kV/cm and 1 Hz repetition rate (triangle, grey). (A, B): 1 x 200 ns pulse at 12.9 kv/
cm (diamond, red), 25 x 200 ns pulses at 6.3 kV/cm, 10 Hz repetition rate (square, blue), 100 x 200 ns pulses at 4.3 kV/cm, 10 Hz repetition rate (circle, green). (C, D):
1 = 400 ns pulse at 13.2 kV/cm (diamond, red), 25 = 400 ns pulses at 3.9 kVjcm, 10 Hz repetition rate (square, blue), 100 = 400 ns pulses at 3.0 kV/cm, 10 Hz repetition rate
(circle, green). (C): 1 « 550 ns pulse at 8.5 kV/cm (diamond, red), 25 = 550 ns pulses at 3.2 kV/cm, 10 Hz repetition rate (square, blue), 100 = 550 ns pulses at 2.5 kVfcm, 10 Hz
repetition rate (circle, green). Bars represent standard deviation, asterisks (*) represent statistically significant (P < 0.05) difference from untreated control (t-test). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

exposed to 40 nM bleomycin and 8 < 100 ps pulses, to 140 nM
bleomycin and 25 x 400 ns pulses or to 50 pM cisplatin and
8 x 100 ps or 400 ns pulses, while with the MTS assay, the survival
was determined to be around 30 - 50% at these conditions. Since
the two assays used to determine cytotoxicity differ in their prin-
ciples, they give different results. The MTS assay, a colorimetric
method for determining the number of viable cells, is based on
the bioreduction of the tetrazolium compound 3-(4,5-dimethylthia
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet

razolium (MTS). It is easy to use and rapid and thus it allows
screening many different treatments [74]. The disadvantage of
the method is its dependence on the metabolic state of the cell
population that can significantly differ from the actual percentage
of viable cells - since cells are being stressed by electroporation,
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their metabolic activity might increase [75]. Clonogenic assay is
based on the assumption that each remaining viable cell after
exposure will form a colony after sufficient time. For cell lines that
do form colonies, clonogenic assay is the best option for assess-
ment of exact number of viable, proliferating cells after treatment
|76]. However, the assay is time consuming. The type of cell death
caused by bleomycin depends on the number of molecules inter-
nalized into the cells. It was reported that bleomycin caused an
arrest in the G2-M phase of the cell cycle in electroporated cells
at extracellular concentrations in the nanomolar range similar to
the present study [77]. The toxic effects of cisplatin are believed
to be primarily a consequence of covalent adducts formation
between cisplatin and DNA which inhibits DNA replication and cell
division [70]. The cells treated with electric pulses and bleomycin
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Fig. 5. Cell survival at different (A} bleomycin and (B) cisplatin concentrations determined by the clonogenic assay for non-electroporated cells (circles, solid line), cells

electroporated with 8 x 100 ps pulses delivered at 1.1 kVjcm and 1 Hz repe

n rate (triangles, dashed line) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/em,

10 Hz repetition rate (squares, dotted line). Bars represent standard deviation, asterisks (%) represent statistically significant (P < 0.05) difference from untreared control

(Welch's t-test).

or cisplatin could thus still be metabolically active and produce a
signal in the MTS assay, however, they are unable to form colonies
in the clonogenic assay.

The lowest decrease in cell metabolic activity was observed for
both bleomycin and cisplatin when cells were electroporated with
one 200 pulses at 12.6 kV/cm, which is not surprising since this
pulse protocol permeabilized the cell membrane of only 85% of
the cells. When MTS assay was used to asses cytotoxicity, we
observed that the combination of 8 x 100 ps pulses, 1 Hz repetition
rate at 1.1 kV/cm and bleomycin resulted in a significant loss of
metabolic activity of the cells (to around 40% of the untreated con-
trol) when increasing the extracellular concentration of bleomycin
up to 10 nM. Higher bleomycin concentration did not further
decrease the cells’ metabolic activity measured by the MTS assay.
The measured cell activity after ECT reached a plateau, i.e. with fur-
ther increasing the bleomycin concentration, the metabolic activity
decreased only slightly. Such a plateau was observed also for cells
electroporated with nanosecond pulses, only at higher concentra-
tions of bleomycin compared to the 8 x 100 ps pulses. When using
the clonogenic assay, however, this plateau was not observed - cell
survival was decreasing with increasing the bleomycin extracellular
concentration. For cisplatin, concentrations above 50 uM were not
tested because a decrease of survival was observed also for non-
electroporated cells incubated for 25 min with 50 uM cisplatin.

Interestingly, when using specific nanopulse electroporation
protocols, lower concentrations of bleomycin were needed to
achieve a cytotoxic effect — these pulse protocols (25 x 200 ns
pulses, 10 Hz at 6.1 kVjcm; 25 x 400 ns pulses, 10 Hz at 3.9 kv/
cm; 100 x 550 ns pulses, 10 Hz at 3.1 kV/cm) are also the ones with
the longest cell membrane resealing time. The time required for
membrane resealing might be affected also by the size of pores
that form on the membrane because different repair mechanisms
may be activated depending on the pore size. For laser-induced
pores it was shown that for smaller pores, longer time is required
for membrane resealing than for larger pores [78]. The cell is prob-
ably more tolerant to small wounds, but larger pores in the mem-
brane need to be repaired faster for the cell to survive the injury
[67]. Since the transmembrane transport is an integral of flux over
time, a longer resealing time results in higher intracellular
accumulation and consequently higher cytotoxicity of bleomycin.
In future studies, measurements of the intracellular bleomycin
concentration is required to determine how many bleomycin
molecules are being internalized after electroporation with
different pulse protocols,

As can be seen from micrographs taken 72 h after ECT
experiments (Fig. 6), the combination of electric pulses and
bleomycin or cisplatin at concentrations that decreased the cell
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without drug

with bleomycin

with cisplatin

8 x 100 ps, 1 Hz non-electroporated

25 x 400 ns, 10 Hz

Fig. 6. IMC images of CHO cells 72 h after ECT experiments: (A) control that was
exposed neither to electric pulses nor to any drug, {B) non-electroporated cells
exposed to 140 nM bleomycin, (C) non-electroporated cells exposed to 50 yM
cisplatin, (D) cells exposed to eight 100 ps pulses, 1 Hz, 1.1 kV/cm, (E) cells exposed
to eight 100 ps pulses, 1 Hz, 1.1 kV/cm and 40 nM bleomycin, (F) cells exposed to
eight 100 ys pulses, 1 Hz, 1.1 kVfcm and 50 pM cisplatin, (G) cells exposed to 25
400 ns pulses, 10 Hz, 3.9 kV/cm, (H) cells exposed to 25 400 ns pulses, 10 Hz, 3.9 kV/
cm and 140 nM bleemycin, (1) cells exposed to 25 400 ns pulses, 10 Hz, 3.9 kVjcm
and 50 pM cisplatin.

survival to around 1% according to the clonogenic assay, caused
significant morphological changes - the cells were enlarged, of
irregular morphologies and also blebbing occurred. On the other
hand, no differences were observed in cells that were exposed only
to the electric pulses or only to the drug.

In our study we show that combination of nanosecond pulses
and bleomycin or cisplatin, two most commonly used chemother-
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apeutic drugs in ECT, causes successful cell kill. In case of
contraindications for one drug (e.g. due to allergic reaction or
exceeding the cumulative dose), the other could be used.
Antitumor effects of ECT with nanosecond pulses and bleomycin/-
doxorubicin have already been reported in vivo on a feline oral
malignant melanoma [46] and on myeloma tumor models in mice
[47], however, it is not clear from these reports how the nanosec-
ond pulses, bleomycin/doxorubicin andfor CO, laser surgery
contributed to the overall success of the therapy because of lack
of controls treated with electric pulses, the drugs and CO, laser
only. Our study is, therefore, providing evidence of effectiveness
for ECT with nanosecond pulses and contributes to the optimiza-
tion of such procedures by elucidating the most effective pulse
protocols. Since bleomycin is a medium-sized molecule, our
findings can be extended also to other nanosecond
electroporation-based applications with the aim to introduce
medium sized molecules (like siRNA) into cells.

34. Metal release

The concentration of released aluminum ions from
electroporation cuvettes was measured after delivery of
8 x 100 us pulses and nanopulses at previously determined opti-
mal voltages in 0.9% (w/v) NaCl solution, We are aware that the
NaCl solution is not usually used as electroporation medium, how-
ever, we chose pure NaCl solution for this set of experiments
because the growth medium contains aluminum in trace amounts;
the pure NaCl solution allowed us to detect even very small
amounts of aluminum ions. A new electroporation cuvette from
the same manufacturer was used for each sample. Significantly
higher concentration of released aluminum from electroporation
cuvettes was detected after delivery of 8 x 100 ps pulses than
any of the nanosecond pulses (Table 2). Since aluminum alloy
and not pure aluminum is used for manufacturing electroporation
cuvettes, also other metal ions might be released.

The results of metal release from electrodes after application of
electroporation pulses in the nanosecond range thus confirm the
theoretical predictions that shorter pulse duration results in less
electrochemical reactions [56]. We proved that shorter pulse dura-
tion decreases the amount of metal release from electrodes - even
if the voltage and/or number of pulses is increased (compared to
longer electroporation pulses) to achieve the same biological effect.

Table 2

Concentration of released Al ions from electroporation cuvettes (N = 4) after delivery
of different pulses and estimated energies for the 8 = 100 ps and nanosecond pulses,
the relative standard deviation (RSD) and estimated energy delivered by the electric
pulses. Asterisk (*) represents statistically significant difference (P < 0.05) to the
concentration of released Al after delivery of 8 x 100 us pulses, hash (#) represents
statistically significant difference (P < 0.05) to sham control (no pulses delivered)
determined by Welch's r-test.

Pulse protocol Energy [Al] (ng/ml)
n Average RSD
blank 6.3%# 3.0
sham control 56.5" 52
8§ pulses of 100 ps, 1 Hz frequency 0.9 kV/cm 4.7 2660# 52
1 pulse of 200 ns 14.7 kV/cm 0.3 519 69
1 pulse of 400 ns 15.3 kVfcm 07 184" 54
1 pulse of 550 ns 15.3 kVjcm 1.0 427* 75
25 pulses of 200 ns, 10 Hz frequency 6.9 kVfem 1.8 148%# 12
25 pulses of 400 ns, 10 Hz frequency 4.2 kVfem 1.4 153%# 7.1
25 pulses of 550 ns, 10 Hz frequency 3.4 kVfem 1.3 170°# 6.3
100 pulses of 200 ns, 10 Hz frequency 4.2 kV] 2.6 414"# 49
cm
100 pulses of 400 ns, 10 Hz frequency 2.8 kV| 2.4 4114 59
cm
100 pulses of 550 ns, 10 Hz frequency 2.8 kV/ 3.3 521"# 13
cm
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Electrode material release, corrosion and fouling of the electrodes,
products of electrolysis and chemical changes to the treated med-
ium (all consequences of electrochemical reactions at the elec-
trode-electrolyte interface) are limiting factors for application of
electroporation-based technologies in the food industry [48].
Uptake of electrolysis species in permeabilized cells induces cell
death [79] and metal ions, released from the electrodes during
electroporation, are cytotoxic and affect the biochemistry of elec-
troporated cells [50,51,80]. Development of methods for reducing
these unwanted electrochemical effects is thus of interest for a
wider spread of electroporation-based applications in research,
food processing, biotechnology and medical applications of elec-
troporation such as ECT, tissue ablation and gene electrotransfer.

When comparing different nanopulse protocols, the concentra-
tion of released metal ions does not seem to correlate with the esti-
mated energy: the lowest energy was estimated for 1 pulse of
200 ns at 14.7 kV/cm, however, for this pulse protocol, we mea-
sured one of the highest concentrations of released aluminum ions.
This indicates that the amount of released metal ions from elec-
trodes does not solely depend on the applied energy but is affected
also by other pulse parameters including pulse duration, voltage,
and number of pulses. Perhaps the most unexpected were the con-
centrations of released aluminum measured after delivery of single
nanopulses at the same voltage (which, however, resulted in a
slightly different electric field strength: 14.7 kV/cm for 200 ns
and 15.3 for 400 and 500 ns). Contrary to expectations that at
the same voltage and number of pulses the lowest concentration
of released aluminum will be measured for the shortest pulse
duration, the highest average concentration of aluminum ion was
measured after delivery of one 200 ns (i.e, the shortest) nanopulse,
If excluding an outlying measurement (which is probably an exper-
imental error because the measured aluminum concentration was
even lower than in sham controls), the mean value for one 200 ns
pulse at 147 kV/cm increases even more, to 680 ng/ml of
aluminum.

Electroporation cuvettes with 4 mm gap filled with 600 pl of the
NaCl solution were used in metal release experiments for delivery
of all pulses to ensure the same geometry/contact surface of the
electrode and electrolyte. This is contrary to cell experiments in
which we used electroporation cuvettes with 2 mm gap for deliv-
ering the 8 x 100 ps pulses because of the limitations of the
microsecond pulse generator, while 4 mm cuvettes were used to
deliver nanopulses. To be able to deliver 8 x 100 ps pulses to elec-
troporation cuvettes with 4 mm gap filled with 600 ul of NaCl solu-
tion, we needed to use a different pulse generator: the Cliniporator
Vitae. In cell experiments, the microsecond pulse generator was set
to deliver 8 x 100 ps pulses at 250 V which resulted in an electric
field strength of 1.1 kV/cm considering the distance between elec-
trodes to be 2 mm. For metal release experiments, the distance
between electrodes was 4 mm, thus, to achieve the same electric
field strength, we set the voltage at 500 V on the Cliniporator Vitae.
However, 500 V is the minimum voltage for this device and for
every successive 100 ps pulse in the train, we observed a drop in
the voltage and electric current, resulting in the measured electric
field strength of 0.9 kV/cm. Nonetheless, the measured concentra-
tion of released aluminum ions after the delivery of 8 x 100 us
pulses was significantly (at least five times) higher than after any
of the nanopulse protocols, thus proving our point that metal
release from electrodes is significantly reduced if using nanopulses
compared to the classical 8 x 100 ps. If the electric field strength of
1.1 kV had been achieved for the 8 x 100 ps, the concentration of
the released aluminum ion would most probably be even higher.

Even though the same pulse generator was used to deliver
nanopulses, discrepancies in the calculated electric field strength
from cell and metal release experiments were observed for some
of the pulse protocols (Tables 1 and 2). The source of the
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discrepancies might be the use of different medium (DMEM
growth medium in cell experiments vs. NaCl solution in metal
release experiments) resulting in a different voltage on the load,
possible variations in the cuvette’'s geometry since a new electro-
poration cuvette was used for every sample, and also the already
mentioned differences in the delivered voltage that were observed
from sample to sample, especially at very high voltages.

Compared to the reagent blanks (0.9% NaCl solution with
addition of HNO3), significant increase in the concentration of alu-
minum ions was detected also in sham control samples for which
the 0.9% NaCl solution was added to the electroporation cuvette
and no pulses were applied. The addition of the NaCl solution
caused the development of the double layer, a layer of charged
particles andfor orientated dipoles at each electrode-electrolyte
interface. Even if no external voltage is applied, chemical reactions
occur immediately, and electrons are transferred between the elec-
trode and the electrolyte. The electron transfer results in an electric
field between the electrode and the layer of ions/dipoles which
influences further chemical reactions, accelerating the oxidation
reaction (and consequently metal release from electrodes), while
inhibiting the reverse reduction reaction; if no voltage is applied,
the competing oxidation and reduction reactions reach an
equilibrium [56].

The use of nanosecond pulses has several advantages over
conventional micro- and millisecond electroporation pulses: low
level of heating, reduced muscle contractions [2,24,44,45] and, as
we show in this study, reduced contamination with metal ions
released from the electrodes, making nanosecond pulses alluring
for use in clinical practice and electroporation-based applications
in which electrochemical reactions should be kept at minimum,
e.g. food technology.

4. Conclusions

The aim of this in vitro study on CHO cells was to evaluate the
effects of nanosecond pulse parameters (voltage, pulse duration,
number of pulses) on cell membrane permeabilization and reseal-
ing and on cell survival after electroporation only and after elec-
trochemotherapy with bleomycin and cisplatin, and compare
them to the 8 x 100 ps pulses commonly used in ECT. Cell survival
after electroporation decreased and cell membrane permeabiliza-
tion increased with increasing electric field strength and number
of nanosecond pulses. As expected, for shorter pulses, higher elec-
tric field strengths were needed to reach the same effect as with
longer pulses. We show that the application of permeabilizing
nanosecond pulses in combination with bleomycin or cisplatin
results in successful cell kill. The pulse duration did not consider-
ably affect the decrease of survival caused by ECT with cisplatin.
On the other hand, higher bleomycin concentrations were needed
to achieve the same effect with nanosecond pulses compared to
the standard 8 x 100 ps pulses, however, the bleomycin concentra-
tion was still considerably lower than concentrations used in clin-
ical practice. Nanosecond pulses with parameters that caused the
longest cell membrane resealing times were also the ones that
decreased cell survival most effectively in ECT experiments with
bleomycin. We also show that decreasing the pulse duration from
microseconds to nanoseconds with concomitantly increasing the
amplitude to achieve the same biological effect results in reduced
electrochemical reactions, which in our study was monitored by
quantifying the release of aluminum ions from electrodes.
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2.1.3 Nanosecond electric pulses are equally effective in electrochemotherapy with
cisplatin as microsecond pulses

Vizintin A., Markovié¢ S., S¢anéar J., Kladnik J., Turel L., Miklav¢ié¢ D. 2022. Nanosecond
electric pulses are equally effective in electrochemotherapy with cisplatin as microsecond
pulses. Radiology and Oncology, 56, 3: 326-335

Nanosecond electric pulses showed promising results in electrochemotherapy, but the
underlying mechanisms of action are still unexplored. The aim of this work was to correlate
cellular cisplatin amount with cell survival of cells electroporated with nanosecond or
standardly used 8 x 100 ps pulses and to investigate the effects of electric pulses on cisplatin
structure. Chinese hamster ovary CHO and mouse melanoma B16F1 cells were exposed to
1 x 200 ns pulse at 12.6 kV/cm or 25 x 400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate or
8 x 100 ps pulses at 1.1 (CHO) or 0.9 (B16F1) kV/cm, 1 Hz repetition rate at three cisplatin
concentrations. Cell survival was determined by the clonogenic assay, cellular platinum was
measured by inductively coupled plasma mass spectrometry. Effects on the structure of
cisplatin were investigated by nuclear magnetic resonance spectroscopy and high-resolution
mass spectrometry. Nanosecond pulses equivalent to 8 x 100 us pulses were established in
vitro based on membrane permeabilization and cell survival. Equivalent nanosecond pulses
were equally efficient in decreasing the cell survival and accumulating cisplatin
intracellularly as 8 x 100 ps pulses after electrochemotherapy. The number of intracellular
cisplatin molecules strongly correlates with cell survival for BI6F1 cells, but less for CHO
cells, implying the possible involvement of other mechanisms in electrochemotherapy. The
high-voltage electric pulses did not alter the structure of cisplatin. Equivalent nanosecond
pulses are equally effective in electrochemotherapy as standardly used 8 x 100 ps pulses.

Supplementary data to this article can be found online at https:/sciendo-parsed-data-
feed.s3.eu-central-1.amazonaws.com/62{7aaf9c¢7121310277c85cb/raon-2022-

0028 sm.pdf.
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Background. Nanosecond electric pulses showed promising results in electrochemotherapy, but the underlying
mechanisms of action are still unexplored. The aim of this work was to comelate cellular cisplatin amount with cell
survival of cells electroporated with nanosecond or standardly used 8 x 100 ps pulses and to investigate the effects

of electric pulses on cisplatin structure.

Materials and methods. Chinese hamster ovary CHO and mouse melanoma B14F1 cells were exposed to 1 x 200
ns pulse at 12.6 kV/cm or 25 x 400 ns pulses at 3.2 kV/cm, 10 Hz repetition rate or 8 x 100 ps pulses at 1.1 (CHO) or 0.9
(B16F1) kV/cm, 1 Hz repetition rate at three cisplatin concentrations. Cell survival was determined by the clonogenic
assay, cellular platinum was measured by inductively coupled plasma mass spectrometry. Effects on the structure of
cisplatin were investigated by nuclear magnetic resonance spectroscopy and high-resolution mass spectrometry.

Results. Nanosecond pulses equivalent fo 8 x 100 ps pulses were established in vifro based on membrane permea-
bilization and cell survival. Equivalent nanosecond pulses were equally efficient in decreasing the cell survival and ac-
cumulating cisplatin intracellularly as 8 x 100 ps pulses after electrochemotherapy. The number of intracellular cisplatin
malecules strongly correlates with cell survival for B16F1 cells, but less for CHO cells, implying the possible involvement
of other mechanisms in electrochemotherapy. The high-voltage electric pulses did not alter the structure of cisplatin.
Conclusions. Equivalent nanosecond pulses are equally effective in electrochemotherapy as standardly used 8 x

100 ps pulses.

Key words: electroporation; electrochemotherapy; nanosecond pulses; cisplatin

Introduction

Electrochemotherapy (ECT) is a local cancer treat-
ment. The dominant mechanism of ECT is in-
creased cellular uptake of impermeant or low
permeant anticancer drugs with high intrinsic
cytotoxicity - most commonly bleomycin and cis-
diaminedichloroplatinum(Il) (cisplatin) - due to
transiently increased membrane permeability of

Radiol Oncol 2022; 56(3): 326-335.
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cells/tumors after exposure to short high-voltage
electric pulses.’

Over the past ten years, the number of ECT
treatments performed for superficial tumors has
increased dramatically and new indications have
been added, such as treatment of skin metastases
from visceral or hematological malignancies, vul-
var cancer, deep-seated malignancies, and some
noncancerous skin lesions.> ECT has become

doi: 10.2478/raon-2022-0028



Vizintin A. Alternative pulse waveforms in electroporation-based technologies.
Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022

Vizintin A et al. / Nanosecond pulses are Yy i in electr apy

broadly accepted mainly because of its simplicity
(it is easy to master) and versatility (it allows treat-
ing a variety of cancers). Its efficacy, tolerability,
and high patient satisfaction have been demon-
strated in several studies, but also some side effects
have been reported. According to the reports, the
main side effects are unpleasant sensations, which
can be painful, and muscle contractions triggered
by applied high voltage electric pulses.® Most
commonly, electric pulses are administrated as
trains of eight monophasic pulses with a duration
of 100 us at 1 Hz or 5 kHz pulse repetition rate.

Nanosecond pulses have shown potential ad-
vantages over micro- and millisecond pulses in
electroporation-based applications. The use of
pulses with high electric field strength, but very
short duration (i.e,, in the nanosecond range) re-
sults in low energy transfer by the pulses to the
treated volume, resulting in a low heating® and
thereby minimizing the possibility of thermal dam-
age to the tissue, which is very important for spar-
ing delicate structures in and around the treated
area.” In addition, nanosecond pulses limit elec-
trochemical reactions at the electrode-electrolyte
interface® which may affect the treated medium or
cells/tissues.”!! Although a much higher electric
field strength is required to achieve a comparable
biological effect, excitation thresholds appear to be
higher than the electroporation thresholds with na-
nosecond pulses'®!®, implying that shortening the
pulse duration to nanosecond pulses could also
reduce neuromuscular stimulation in electropora-
tion-based applications.

Recently, nanosecond pulses have been ex-
plored in ECT and calcium electroporation and
have shown promising results — either tumor re-
gression in vivo or a decrease in cell survival in vit-
o572 We have previously reported that nanosec-
ond pulses of an appropriately chosen amplitude
in combination with cisplatin decreased cell sur-
vival in in vitro assays to the same extent as stand-
ard 8 x 100 us pulses.® The aim of our present work
was to investigate the underlying mechanisms of
ECT with nanosecond pulses and cisplatin in vitro
on Chinese hamster ovary CHO and mouse skin
melanoma B16F1 cells. Two nanosecond pulse
protocols (1 x 200 ns pulse at 12.6 kV/cm and 25 x
400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate)
were compared with 8 x 100 us pulses at 1.1 (CHO)
or 0.9 (B16F1) kV/cm, 1 Hz repetition rate stand-
ardly used in ECT. Accumulation of cisplatin and
cell survival after in vitro ECT were measured and
effects of high voltage electric pulses on the cispl-
atin molecular structure were investigated by nu-

clear magnetic resonance (NMR) spectroscopy and
high-resolution mass spectrometry (HRMS).

Materials and methods

Cell culture of Chinese hamster ovary (CHO) cells
and in vitro cell survival after ECT experiment
protocols were described previously.® Mouse skin
melanoma cell line B16F1 (European Collection
of Authenticated Cell Cultures, cat. no. 92101203,
Sigma Aldrich, Germany, mycoplasma free) was
cultured in the same way as CHO cells except that
Dulbecco’s Modified Eagle Medium (DMEM, cat.
no. D5671, Sigma-Aldrich, Missouri, United States)
supplemented with 10% FBS (cat. no. F9665, Sigma-
Aldrich), 20 mM L-glutamine, 1 U/ml penicillin/
streptomycin and 50 pg/ml gentamycin was used
instead of Nutrient Mixture F-12 Ham. Briefly, cis-
platin (Cisplatin Kabi, 1 mg/mlL, Fresenius Kabi,
Germany or Cisplatin Accord, 1 mg/ml, Accord,
UK) diluted in saline was added to cells suspended
in complete growth medium DMEM just before
electroporation so that the final concentration was
4 = 10°cell/ml and 0, 10, 30 or 50 uM cisplatin. The
cell suspension was exposed to monophasic rectan-
gular pulses (1 = 200 ns pulse at 12.6 kV/cm or 25
% 400 ns at 3.9 kV/cm, 10 Hz repetition rate or 8
x 100 s at 1.1 (CHO) or 0.9 (B16F1) kV/cm, 1 Hz
pulse repetition rate) or no pulses (non-electropo-
rated controls). Cell survival was determined by
the clonogenic assay.

For determination of cellular cisplatin, 125
pl of the treated cell suspension was diluted
40-100 times in complete growth medium Ham
F-12 (CHO) or complete growth medium DMEM
(B16F1) 25 min after electroporation (or addition
of cisplatin/saline for non-electroporated con-
trols) and centrifuged at 900 g for 5 min at 23°C
in 15 ml centrifuge tubes. The supernatant was
separated from the cell pellet and the pellet was
washed with 2 ml saline and centrifuged again.
After centrifugation, saline was discarded, and
the cell pellet was kept at —=20°C until digestion.
For digestion, 0.1 ml H,0, and 0.1 ml HNO, (both
from Merck, Germany) were added to the cell pel-
lets, and the tubes were closed and sealed with
Teflon tape and left overnight at 80°C. After diges-
tion, 1.8 ml of Milli-Q water (18.2 M() obtained
from a Direct-Q 5 Ultrapure water system, Merck
Millipore, Massachusetts, USA) was added and
samples were measured by inductively coupled
plasma mass spectrometry (7900 ICP-MS Agilent
Technologies, Japan) with 'Ir used as an inter-

Radiol Oncol 2022; 56(3): 326-335.

42

327



Vizintin A. Alternative pulse waveforms in electroporation-based technologies.
Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022

328

Vizintin A et al. / Nanosecond pulses are equally effective in electrochemotherapy

nal standard during the measurement. The ex-
periments were repeated 4-7 times. The number
of cisplatin molecules per cell was calculated by
first dividing the measured total mass of Pt in the
cell pellet by the number of cells in the pellet, then
subtracting the average mass of Pt per cell of non-
electroporated cell pellets that were not incubated
with cisplatin, and finally calculating the number
of cisplatin molecules per cell from the difference
of the mass of Pt per cell in samples (assuming
1 mol of Pt is equivalent to 1 mol of cisplatin).

Cell survival and amount of Pt data (after outli-
ers, defined using the interquartile range method,
were removed) were analyzed using the Kruskal-
Wallis test and p-values were adjusted with the
post-hoc Holm method test (a = 0.05) because the
Shapiro-Wilk normality test failed (a = 0.05). The
Spearman correlation coefficient was calculated to
test the correlation between the number of cisplatin
molecules per cell and cell survival. The data were
processed and visualized using Microsoft Excel
2016 and R 3.6.1.2

Potential structural changes of cisplatin in the so-
lution treated with high voltage electric pulses were
investigated by NMR spectroscopy and HRMS. For
practical reasons, both microsecond and nanosec-
ond pulses were delivered to electroporation cu-
vettes with 2 mm gap with the laboratory proto-
type pulse generator based on an H-bridge digital
amplifier for this set of experiments. For microsec-
ond pulses, 8 x 100 us at 1.1 kV/cm at 1 Hz pulse
repetition rate were delivered (same pulse protocol
as in cellular electrochemotherapy experiments).
For nanosecond pulses, 25 x 400 ns at 2.2 kV/cm
at 10 Hz repetition rate were delivered - the elec-
tric field strength for this pulse protocol was lower
than in cellular electrochemotherapy experiments
because of the technical limitations of the prototype
pulse generator. 1 x 200 ns pulse was not applied
because the pulse generator used is not capable
of generating such short pulses. '"H NMR spectra
were obtained on NMR Bruker Ascend™ 600 MHz
spectrometer at room temperature at 600 MHz.
Chemical shifts, reported in ppm, are referenced to
residual peaks of D,0 at 4.79 ppm. Spectra were re-
corded in D,O (with and without NaCl) as well as
in 90% H,0/10% D,O (with or without NaCl) using
water suppression (WATERGATE) method. NMR
data were processed with MestReNova 11.0.4. To
approximately 1-2 mg of cisplatin (Sigma Aldrich)
1 mL of a) D,0, b) D,O containing 154 mM NaCl,
¢) 90% H,0/10% D,0 or d) 90% H,0/10% D,O con-
taining 154 mM NaCl was added. The obtained
suspension was filtered through Minisart NML
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Cellulose Acetate Syringe Filter (28 mm, 0.2 uL).
"H NMR spectra were recorded immediately after
the filtration when not treated with any pulse pro-
tocol or directly after microsecond or nanosecond
pulse application. HRMS spectra were recorded on
Agilent 6224 Accurate Mass Time of Flight (TOF)
Liquid Chromatography-Mass Spectrometry (LC-
MS) instrument using water-acetonitrile solution
(80:20, v/v) as the mobile phase. Fragmentor volt-
age was set to 150.0 V. To approximately 1-2 mg
of cisplatin (Sigma Aldrich) 1 mL of distilled water
or saline was added and obtained suspension was
filtered through Minisart NML Cellulose Acetate
Syringe Filter (28 mm, 0.2 uL). Filtered solutions
underwent a) no pulses, b) microsecond pulses,
or ¢) nanosecond pulses application as mentioned
above, followed by immediate injection of such so-
lutions into the LC-MS.

Results

CHO and B16F1 cells were electroporated in pres-
ence of 10, 30 and 50 pM cisplatin with: 1 x 200 ns
pulse at 12.6 kV/cm; 25 x 400 ns pulses at 3.9 kV/
cm, 10 Hz pulse repetition rate; or 8 x 100 ps pulses
at 1.1 (CHO) or 0.9 (B16F1) kV/cm, 1 Hz pulse rep-
etition rate. The electric field strengths for specific
pulse parameters were selected based on survival-
permeabilization curves (refer to Vizintin et al®
for graphs for CHO cells and to Figure S1 in the
Supplementary material for graphs for B16F1 cells).

Cell survival results after ECT determined by the
clonogenic assay are shown in Figure 1. Survival
data of CHO cells were combined from the previ-
ous® (for non-electroporated cells and cells elec-
troporated with 25 = 400 ns and 8 x 100 ps pulses)
and the present study (additional non-electropo-
rated cells and cells electroporated with 1 = 200
ns pulse). As intended, electroporation alone (i.e.,
in the absence of cisplatin) did not decrease cell
survival in both cell lines compared with the non-
electroporated control for any of the pulse proto-
cols tested. For the non-electroporated cells treated
with cisplatin, a statistically significant decrease in
cell survival was observed only for CHO cells at
the highest (50 uM) cisplatin concentration tested.
On the other hand, electroporation in the presence
of cisplatin decreased cell survival except for B16F1
cells treated with 1 x 200 ns pulse. For CHO cells,
1 = 200 ns, 25 = 400 ns, and 8 = 100 us pulse pro-
tocols were all equally effective at decreasing cell
survival at all the three tested cisplatin concentra-
tions (Figure 1A). In B16F1 cells, 25 = 400 ns and 8
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FIGURE 1. Cell survival of (A) CHO and (B) B1&F1 cells at different cisplatin concentrations determined by the clonogenic assay for
non-electroperated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/cm, 10 Hz repetition
rate (dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ps pulses at 1.1 (CHO) or 0.9 (B16F1)
kvfcm, 1 Hz pulse repetifion rate (orange tiangles). Bars represent standard deviation, asterisks (*) show statistically significant
differences (p < 0.05) to the survival of non-electroporated cells without cisplatin. Survival data were combined from the previous®
(for non-electroporated cells and cells electroporated with 25 x 400 ns and 8 = 100 s pulses) and the present study (for B16F1 cells,
additional non-electroporated CHO cells and CHO cells electroporated with 1 x 200 ns pulse).

% 100 us pulses were equally effective, whereas 1 =
200 ns pulse protocol was less effective (Figure 1B).

The amount of Pt in the cells was determined by
measuring the total mass of Pt in the cell pellets
by ICP-MS. Electroporation increased the cellular
Pt amount. For both cell lines, there were no sta-
tistically significant differences in the measured Pt
amount in cells electroporated with 25 x 400 ns or 8
%100 us pulses at the same cisplatin concentration.
For CHO cells, the amount of Pt in cells electropo-
rated with 1 x 200 ns pulse was statistically signifi-
cantly lower compared to the amount of Pt in cells
electroporated with 25 x 400 ns and 8 x 100 ps pulse
incubated only at 50 uM cisplatin (Figure 2A). For
B16F1 cells, lower cellular Pt was measured after
application of 1 x 200 ns pulse compared to 25 x

400 ns and 8 x 100 ps pulses at all tested cisplatin
concentrations (Figure 2B).

From the measured Pt content, the number of
cisplatin molecules per cell was calculated and
plotted against the cell survival data. The num-
ber of cisplatin molecules per cell and cell sur-
vival were more strongly correlated for B16F1 cells
(Spearman’s correlation coefficient: o = —0. 85, p <
0.001 for CHO and ¢ =-0. 92, p < 0.01 for B16F1).
In the case of CHO cells, at the same number of
cisplatin molecules per cell, notably lower cell sur-
vival was measured for electroporated cells com-
pared to non-electroporated cells (Figure 3A). For
example, cell survival of 98% was achieved for
non-electroporated cells with 9.4 x 10° cisplatin
molecules per cell, whereas cell survival of 68.5%
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FIGURE 2. Pt amount in cell pellets of (A) CHO and (B) B1é6F1 cells after 25 min incubation at different extracellular cisplatin
concentrations in non-electroporated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kV/
cm, 10 Hz repetition rate (dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ps pulses at 1.1
(CHQ) or 0.9 (B16F1) kV/cm, 1 Hz pulse repetifion rate (orange triangles). Bars represent standard deviation, asterisks (*) show
statistically significant differences (p < 0.05) fo the measured number of cisplalin molecules in non-eleciroporated cells af the same
extracellular cisplatin concentration.
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FIGURE 3. Cell survival as a function of the number of cisplatin molecules per cell for (A) CHO cells and (B) B14F1 cells in non-
electroporated (non-EP) cells (black circles) and cells electroporated with 25 x 400 ns pulses at 3.9 kv/cm, 10 Hz repetition rate
(dark blue squares), 1 x 200 ns pulse at 12.6 kV/cm (light blue diamonds) or 8 x 100 ys pulses at 1.1 (CHO) or 0.9 (B16F1) kV/cm,
1 Hz pulse repetition rate (orange friangles). Bars represent standard deviation. Survival data were combined from the previous®
(for non-electroporated CHO cells and CHO cells electroporated with 25 x 400 ns and 8 x 100 ps pulses) and the present study (for
B14F1 cells, additional non-electroporated CHO cells and CHO cells electroporated with 1 = 200 ns pulse).

was measured for cells electroporated with 1 x 200
ns pulse with 8.2 x 10° cisplatin molecules per cell,
cell survival of 54.8% was measured for cells elec-
troporated with 25 x 400 ns pulses with 9.5 x 10¢
cisplatin molecules per cell, and cell survival of
33.7% was measured for cells electroporated with
8 x 100 us pulses with 9.2 x 10° cisplatin molecules
per cell. From the data acquired, it could not be
concluded if also in B16F1 cells a lower number of
cisplatin molecules per cell causes a larger decrease
in cell survival because the range of the number of
cisplatin molecules in electroporated and non-elec-
troporated cells did not overlap and thus survival
could not be compared at approximately the same
number of cisplatin molecules per cells (Figure 3B).

Cisplatin has been widely investigated for its
biospeciation in aqueous solutions due to its di-
verse stepwise ligand displacement reactions.”
Therefore, 'H NMR spectroscopy was applied
to investigate potential structural changes of cis-
platin due to high voltage electric pulses. First,
spectra of cisplatin in D,0 and D,0 with 154 mM
NaCl (corresponding to physiological saline 0.9%
NaCl) not exposed to electric pulses were recorded
(Figure 4A-B). Weak broadened peaks for hydro-
gen atoms of amino ligands (NH,) were found at
approximately 4.08 ppm. Similarly, also repre-
sentative peaks of cisplatin after treatment with 8 x
100 us pulses at 1.1 kV/cm at 1 Hz pulse repetition
rate or 25 x 400 ns pulses at 2.2 kV/cm at 10 Hz
repetition rate remained at the same shift. The only
major difference was observed in the spectrum of
cisplatin recorded in D,0 with 154 mM NaCl af-
ter treatment with microsecond pulses (Figure 4B),
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where the broad peak for hydrogens of cisplatin
disappeared. This can be attributed to the fast hy-
drogen-deuterium (H/D) exchange of deuterium
from D,0 with hydrogen atoms of NH, ligands.
However, when spectra of cisplatin were recorded
in 90% H,0/10% D,O solution containing 154 mM
NaCl acquiring water suppression (to minimize
the intensity of water signal to obtain a stronger
signal of the NH, ligand) no such disappearance
of the peak was observed (Figure 4D). Comparable
spectra with peaks at 4.08 ppm were obtained al-
s0 when no electric pulses or nanosecond pulses
were applied. Similarly, the hydrogen peak of NH,
was observed in the samples recorded in a 90%
H,0/10% D,0O solution without NaCl (Figure 4C).
It is also important to note that no new peaks ap-
peared in other regions of the NMR spectra.

High-resolution mass spectrometry (HRMS),
which can also provide abundant information on
molecular structure, was also performed to inves-
tigate possible newly formed cisplatin species. In
some reports, authors detected hydrolysis prod-
ucts corresponding to mono-, di- and trimeric spe-
cies, by mass spectrometry.®>* Therefore, HRMS
was used in our structural investigation of cisplatin
in water and saline (0.9% NaCl) exposed to micro-
and nanosecond pulses.

First, cisplatin in H,O was investigated
and on the full-scan positive-ion mass spec-
trum (mass range of m/z 100-1100) presented in
Figure S2 in Supplementary Material. It can be
observed that the most abundant peaks occur
in the mass range of m/z 280-330, where the fol-
lowing fragments were observed: [Pt(NH,),(N,)
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ClIJ" (m/z 292.9909), [M+NH,]* (M - indicates mo-
lecular formula for cisplatin, i.e. [PUNH3)2CI2]) (m/z
317.9872) (both Figure 53), [M+H]* (m/z 300.9601)
(Figure 54), [Pt(NH,),(CH,CN)CIJ* (m/z 306.0101)
(Figure S5) and [M+Na]" (m/z 322.9425) (Figure S6).
Additionally, three lower abundant clusters can
be found in the mass range of m/z 540-590. Two of
them were identified as [Pt(NH,),CL-Pt(NH,)CI]*
(m/z 547.9121) and [Pt(NH,),CL-Pt(NH,),Cl]" (m/z
564.9378) (Figure 57). Additionally, one cluster
at m/z 610-630 with the main ion fragment at m/z
617.9408 belongs to [2M+NH,J* (Figure 58). Similar
fragments have been observed when the samples
were treated with micro- and nanosecond pulses
(Figure 59-10 and Figure 511-512). The species ob-
served are in agreement with those reported in the
literature.”® Figure S19 represents the spectrum of
water from the electroporation cuvette without the
application of electric pulses. No differences were
observed between the solutions treated with either
nanosecond or microsecond pulses or untreated
control.

HRMS experiments have been further per-
formed in saline, where more extensive fragmenta-
tion was observed throughout the mass range of
m/z 100-1100 (Figure S13). However, these peaks
are comparable to the ones in the spectrum of sa-
line from electroporation cuvette without the ap-
plication of electric pulses (Figure 520). Similarly
to spectra without NaCl, peaks of [Pt(NH,),(N,)CI]*
fragment and sodium [M+Na]*adduct were identi-
fied on zoom-scan spectrum (Figure 514). Again,
spectra recorded in saline that was not treated
with electric pulses are comparable with the spec-
tra where cisplatin in saline solutions were treated
with micro- and nanosecond pulses (Figures S15-
16 and Figures 517-18, respectively).

Overall, NMR, as well as HRMS investigations,
point to cisplatin remaining structurally compara-
ble after the exposure to high voltage electric puls-
es similar to those used in in vitro ECT experiments
with respect to its aqueous solutions without elec-
tric pulses.

Discussion

ECT has been shown to be a safe and effective can-
cer treatment, requiring much lower doses of the
chemotherapeutic agent than conventional chemo-
therapy. However, pain and muscle contractions
were reported as a drawback. Nanosecond pulses
and high-frequency biphasic pulses of a few mi-
crosecond duration (H-FIRE)*?* were suggested

@ D20 nzo +154 mM NaCl ©m H,0/10% nzo@ 90% H,0/10% D20
+154 mM NeCl

-
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FIGURE 4. 'H NMR spectra of cisplatin, showing the signals for hydrogens of
NH, ligands labeled with asterisks (*). Specira were recorded in ) DO, b) D.O
coniaining 154 mM NaCl, ¢) 90% H,0/10% D,O and d)] 90% H,0/10% D,0O containing
154 mM NaCl treated with 25 x 400 ns pulses (blue). 8 x 100 ps pulses {green) or no

pulses (red).

to limit neuromuscular stimulation and contrac-
tions.'>! Additionally, with nanosecond pulses,
the possibility of thermal damage to the tissue is
minimized>® due to low energy being transferred
to the treated area and electrochemical reactions
are reduced.® ECT with nanosecond pulses has
shown promising results®”", but the underlying
mechanisms of the observed decrease in cell sur-
vival and tumor regression remain to be explained.

In this study, we measured cell survival and
cisplatin accumulation after in vitro ECT with 8 x
100 ps pulses, which are standardly used in ECT
procedures, and equivalent nanosecond pulses, i.e.
pulse protocols that have an equivalent biological
effect on cell survival and cell membrane permea-
bilization. The electric field strength was chosen
for each pulse protocol at a value that resulted
in the highest permeabilization (determined as
the percentage YO-PRO1 fluorescing cells) of the
cell membrane without a decrease in cell survival
(measured by the metabolic MTS assay). In the case
of 8 x 100 us pulses, 1.1 kV/cm was selected for CHO
cells, but the survival for B16F1 cells was around
55% at this electric field strength, thus a lower
(i.e. 0.9 kV/cm) electric field strength was used for
electroporating B16F1 cells with this pulse proto-
col. For 25 = 400 ns pulses, the same electric field
strength (3.9 kV/cm) was determined to be optimal
for both cell lines. For 1 x 200 ns pulse, we used
the highest experimentally achievable electric field
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FIGURE 5. The mechanism of cisplatin uptake info cells is not completely elucidated.
In non-electroporated cells, cisplatin enters partially through passive diffusion and
facilitated diffusion through ion channels including LRRC8 volume-regulated anion
channels (VRAC) and membrane transporters like copper fransporter 1 (CTR1) and
organic cation fransporters (OCTs). In electroporated cells, more cisplatin can
enter through the permeabilized cell membrane (pore is a symbolic presentation
of increased membrane permeability even though the mechanisms behind
electroporation are more complex - refer to*).

strength (i.e. 12,6 kV/em), which did not decrease
the cell survival in either cell line. Electroporating
both cell lines with 8 x 100 us or 25 x 400 ns pulses
at the selected electric field strengths resulted in >
95% permeabilization (optimal for ECT), while for
the 1 x 200 ns pulse at 12.6 kV/cm the permeabiliza-
tion was 85% for CHO and only 42% for B16F1 cells
(suboptimal for ECT). However, 1 x 200 ns pulse
protocol was also included in the study based on
results of cell survival of CHO cells after ECT de-
termined by the metabolic MTS assay that showed
that this pulse protocol was as effective in decreas-
ing cell survival in ECT with cisplatin as the 25 x
400 ns protocol at all cisplatin concentrations.®

The aim was to test whether the combination of
permeabilizing electric pulses (that alone do not
cause a decrease in cell survival) and cisplatin re-
sults in increased cellular cisplatin accumulation
(compared to non-electroporated cells) and wheth-
er the amount of cellular cisplatin is correlated to
cell survival due to the increase of intracellular
accumulation of the chemotherapeutic agent be-
ing one of the main mechanisms of action of ECT.
To exert its cytotoxic effect, cisplatin must enter
the cell. The exact mechanisms of cisplatin uptake
have not been fully elucidated. Cisplatin is only
slightly permeant; thus, it only partially enters the
cell through passive diffusion across the cell mem-
brane. Recent studies pointed out active transport
mechanisms such as facilitated diffusion involved
in cisplatin uptake - and LRRC8 volume-regulat-
ed anion channels (VRAC), copper transporter 1
(CTR1), and organic cation transporters (OCTs)
were shown to be involved in cisplatin uptake.™*
Electroporation makes the cell membrane non-se-
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lectively permeable, allowing a larger quantity of
cisplatin to enter the cell (Figure 5).

As expected, the measured amount of Pt was
higher in electroporated cells when compared to
non-electroporated cells incubated at the same
cisplatin concentration, although the differences
were not always statistically significant (Figure 2).
These results indicate that the application of elec-
tric pulses indeed increases the intracellular accu-
mulation of cisplatin. Overall, the amount of Pt in
B16F1 was lower than in CHO cells exposed to the
same cisplatin concentration, with or without elec-
troporation, which also correlates with the higher
cell survival of B16F1 cells (Figure 1). A compari-
son of cell survival of CHO and B16F1 cells with
a similar number of cisplatin molecules per cell
(Figure 3) reveals that a higher number of cisplatin
molecules is needed to decrease the cell survival of
B16F1 cells compared to CHO.

There were no statistically significant differ-
ences in the cell survival and amount of cellular
Pt obtained in cells electroporated with 25 x 400 ns
and 8 = 100 ps pulses at the same cisplatin concen-
tration when comparing within the same cell line.
Thus, it can be assumed that by using equivalent
nanosecond pulses, it is possible to achieve the
same decrease in cell survival and same cisplatin
accumulation in cells and the as with the standard
8 % 100 us pulses; in other words, equivalent nano-
second pulses are equally effective in ECT as 8 x
100 ps pulses.

The 1 x 200 ns pulse in combination with cispl-
atin did not decrease cell survival in B16F1 cells.
This could be explained by the fact that 1 x 200 ns
pulse permeabilizes less than half of the cell pop-
ulation of B16F1 and is also consistent with the
measured Pt amount which was not significantly
higher as in non-electroporated cells (Figure 2B).
Application of 1 x 200 ns pulse alone (i.e., in the
absence of cisplatin) seemed to even slightly pro-
mote cell growth (although the cell survival was
not statistically significantly higher compared to
the non-electroporated control). More interesting-
ly, however, is that application of 1 x 200 ns pulse
to CHO cells resulted in a lower amount of Pt in
cells electroporated with 1 = 200 ns pulse as with 25
* 400 ns or 8 x 100 ps pulses, but the same decrease
in cell survival was achieved with the 1 x 200 ns
pulse as with 25 x 400 ns or 8 = 100 us pulses. The
lower amount of cisplatin in CHO cells electropo-
rated with 1 x 200 ns could be explained per se by
the fact that this pulse protocol achieved subop-
timal cell membrane permeabilization compared
to the 25 x 400 ns and 8 x 100 ps pulse protocols.
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Nevertheless, a comparable decrease in cell sur-
vival was achieved, suggesting that increased accu-
mulation of cisplatin into cells may not be the only
cause of cell death in ECT. Figure 2A indicates that
in electroporated CHO cells, a lower number of cis-
platin molecules per cell is required to decrease cell
survival to the same extent as in non-electroporated
cells. Similar results have been reported previously
in the literature™, but not discussed. There may
be a synergistic effect of cisplatin and electropora-
tion, i.e., the observed decrease in cell survival in
ECT is not the sum of the decrease in cell survival
caused by electric pulses and cisplatin alone, but
electroporation appears to make cells more suscep-
tible to cisplatin.

The results of survival and number of internal-
ized cisplatin molecules for B16F1 cells, however,
do not show a similar synergistic effect of cisplatin
and electroporation. Contrary to CHO cells, the
number of cisplatin molecules per cell seems to lin-
early correlate with the logarithm of cell survival
for B16F1 cells (Figure 3). Nonetheless, as men-
tioned above, lower cellular cisplatin was consist-
ently measured for the B16F1 cell line and there is
only one experimental point from the electroporat-
ed cells (cells electroporated with 1 x 200 ns pulse at
10 uM cisplatin) that falls in the range of the num-
ber of molecules of the non-electroporated cells. A
similar number of internalized cisplatin molecules
was measured for non-electroporated cells at 30
uM cisplatin and for cells electroporated with 1 x
200 ns pulse at 10 uM cisplatin, but the cell survival
was even slightly higher for the latter. As discussed
above, however, the 1 x 200 ns pulse protocol did
not effectively permeabilize B16F1 cells. More data
(from non-electroporated cells incubated at higher
cisplatin concentrations) would thus be needed to
determine if also in the case of B16F1 cells a lower
number of internalized cisplatin molecules is need-
ed to decrease cell survival in electroporated cells.

To test whether electric pulses could affect cis-
platin by modifying the structure of the molecule
as proposed in theoretical studies”, we used NMR
spectroscopy and HRMS spectrometry and found
that the structure of cisplatin remains comparable
after the application of electric pulses to either its
saline or water solution (representing a simplified
extra- and intracellular environment, respectively).
Thus, high voltage electric pulses did not affect the
structure of the studied complex under the condi-
tions used in our experiments. Therefore, the rea-
son for the observed increased susceptibility of the
electroporated CHO cells to cisplatin is probably a
consequence of the effect of electroporation on the

cells. The cytotoxicity of cisplatin is thought to be
mediated primarily by the formation of DNA ad-
ducts and the resulting impairment of transcrip-
tional and/or DNA replication mechanisms. It was
shown that electroporation increases the amount of
cisplatin bound to the DNA, which could increase
cisplatin cytotoxicity in electroporated cells.®
However, additional mechanisms play an impor-
tant role in exerting the toxic effects of cisplatin,
including generation of ROS, mitochondrial dys-
function, increase in intracellular Ca®** concentra-
tion, and activation of signal transduction path-
ways.* Electric pulses can also lead to generation
of intracellular reactive oxygen species (ROS)*4,
damage mitochondria®>*, and disrupt calcium ho-
meostasis through the entry of Ca* from the extra-
cellular space or intracellular stores.** It has been
shown that an increase in ROS enhances the effica-
cy of cisplatin and vice versa.*>* Moreover, an in-
crease in intracellular Ca®* concentration enhances
cisplatin-mediated ROS production and increases
cisplatin cytotoxicity.® This type of potentiation
of cisplatin cytotoxicity may be responsible for the
enhanced cisplatin cytotoxicity in electroporated
cells, but it yet needs to be elucidated. Michel et
al5' observed an increased immunoreactivity with
SOD-2 (an enzyme that clears mitochondrial ROS)
in cells subjected to ECT with cisplatin. To the best
of our knowledge, this is the only report that meas-
ured ROS after ECT with cisplatin.

Our study also has limitations. Two different
pulse generators and electrode geometries (i.e.,
electroporation cuvettes with 2 or 4 mm gap) were
used in the cell experiments because of the techni-
cal limitations of the pulse generators used. Also
in cell experiments, we did not directly measure
the amount of cisplatin in cell pellets, but Pt was
measured instead and assumed that cisplatin most
likely accounts for the majority of the measured
amount of Pt in cells incubated with cisplatin.
This assumption is supported by the fact that the
amount of Pt in non-electroporated cells that were
not incubated with cisplatin was 2-3 orders of
magnitude lower than in samples incubated with
cisplatin or even below the detection limit. We
also do not know whether the measured Pt was
located inside the cells or was e.g. bound to the
surface of the cell membrane. However, the for-
mation of reactive hydrolyzed cisplatin products
that would bind immediately and irreversibly to
cell membrane phospholipids is not expected be-
cause the electroporation medium used has a high
concentration of chloride ions so cisplatin should
be stable in it and the measured Pt most probably
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comes from intracellular cisplatin.? Additionally,
in experiments investigating the effects of electric
pulses on cisplatin structure, the conditions be-
fore the measurements by NMR spectroscopy and
HRMS spectrometry could not be fully matched
with the conditions in the cell experiments due to
several reasons. First, it was namely not possible to
record spectra of cisplatin in growth media due to
many species present in the growth medium which
interfere with cisplatin signals; thus, pulses were
delivered to cisplatin dissolved in water or saline
for NMR spectroscopy and HRMS spectrometry.
Second, because of the limitations of the pulse
generator used for NMR spectroscopy and HRMS
spectrometry experiments, 25 x 400 ns pulses were
delivered at lower amplitudes than in the cell ex-
periments. Third, because of the difference in con-
ductivity, electric pulses delivered to H,0 and D,O
had a notably different shape than pulses delivered
to saline or cells in growth medium; due to the low
conductivity of the load, they resembled an expo-
nentially decaying rather than a rectangular pulse
shape.

In conclusion, we have shown that by using
equivalent nanosecond pulses in ECT, the same
decrease in cell survival is achieved and the same
amount of cisplatin accumulates in the cells as with
the standard 8 = 100 ps pulses, i.e., that in ECT,
equivalent nanosecond pulses are equally efficient
as 8 x 100 us pulses. By investigating the under-
lying mechanisms in nanosecond pulse ECT, we
discovered that electroporated CHO cells are more
susceptible to cisplatin than non-electroporated
cells (regardless of the pulse protocol). The electric
pulses used for electroporation do not appear to
alter the structure of the cisplatin molecule, so the
observed increased susceptibility is likely a conse-
quence of the effect of electroporation on the cells.
The use of nanosecond pulses in ECT is promis-
ing as it was demonstrated to be effective with the
potential to mitigate muscle contractions. Because
extensive preclinical data and solid evidence of
mechanisms of action have been the basis for intro-
ducing ECT into clinical practice, further studies of
nanosecond pulse ECT in vive are necessary to en-
able translation into clinical trials.
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2.2 REMAINING LINKING SCIENTIFIC WORK

2.2.1 Survival-permeabilization curves of B16F1 cells

To determine the optimal electric field strength for electrochemotherapy (i.e., the electric
field strength that results in the highest cell membrane permeabilization without a decrease
in cell survival) for each pulse protocol, cell membrane permeabilization (expressed as the
percentage of cells that fluoresce YO-PRO-1) and cell survival (determined by the metabolic
assay containing the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)) after electroporation of
mouse skin melanoma B16F1 cells were measured at electric field strengths for nanosecond
pulses with different parameters (pulse duration: 200, 400 or 550 ns, number of pulses: 1, 25
or 100 pulses, 10 Hz pulse repetition rate). The rectangular monophasic nanosecond pulses
were delivered with the CellFX System (Pulse Biosciences, California, USA). Signals were
monitored with a WaveSurfer 3024Z, 200 MHz oscilloscope (Teledyne LeCroy, New York,
USA), voltage was measured with a 1 kQ resistor and a Pearson model 2877 (1 V/1 A, 200
MHz) current monitor; and electric current was measured with a Pearson model 2878 (1
V/10 A, 70 MHz) current monitor (all from Pearson Electronics, California, USA). Electric
field strength was calculated by dividing the measured voltage by the electroporation cuvette
gap (i.e., the distance between parallel plate electrodes).

B16F1 cells, obtained directly from the European Collection of Authenticated Cell Cultures
(cat. no. 92101203, Sigma Aldrich, Germany) were grown for 2—4 days at 37 °C in a
humidified, 5 % CO; atmosphere in Dulbecco's Modified Eagle Medium (DMEM, catalog
number D5671, Sigma-Aldrich) supplemented with 10 % fetal bovine serum (catalog
number F9665, Sigma-Aldrich), 2.0 mM L-glutamine, 50 pg/ml gentamycin and 1 U/ml
penicillin/streptomycin — referred to as complete growth medium DMEM and used in this
composition through all experiment. On the day of the experiment, cells were detached with
1x trypsin-ethylenediaminetetraacetic acid (EDTA, cat. no T4174, Sigma-Aldrich) diluted
in 1x Hank’s basal salt solution (catalog number H4641, Sigma-Aldrich). Trypsin was
inactivated by complete growth medium DMEM. Cells were transferred to a 50 ml
centrifuge tube and centrifuged at 180 g for 5 min at room temperature (centrifuge 3-16PK,
Sigma-Aldrich). The supernatant was discarded, and the cells were resuspended at a cell
density of 4 x 10° cells/ml in complete growth medium DMEM, which was used as
electroporation medium.

To determine the percentage of permeabilized cells at different electric field strengths, the

cell suspension was mixed with YO-PRO-1 iodide (cat. no. Y3603, Thermo Fisher
Scientific, Massachusetts, USA) at a final concentration of 1 pM immediately before the
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application of electric pulses. The cells mixed with YO-PRO-1 (600 pl) were transferred to
an electroporation cuvette with 4 mm gap (VWR, Pennsylvania, USA) and then the pulses
were applied. The treated cell suspension (20 ul) was transferred to a new 1.5 ml
microcentrifuge tube. Three minutes after the last pulse, 150 pl of complete growth medium
DMEM was added. The cell suspension was gently vortexed and analyzed using the Attune
NxT flow cytometer (Thermo Fisher Scientific). A blue laser at 488 nm was used for
excitation and a 530/30 nm bandpass filter was used to detect emitted fluorescence from YO-
PRO-1. Single cells were separated from all events by gating. The measurement was stopped
when 10,000 cells had been recorded. The data obtained were analyzed using Attune NxT
software (Thermo Fisher Scientific). The percentage of cells with permeabilized cell
membrane was determined from the histogram of YO-PRO-1 fluorescence. Experiments
were repeated 3—4 times for each pulse protocol. The sham control was treated in the same
manner as the samples, except that no pulses were delivered.

For measurements of cell survival, the cell suspension (600 pl) was pipetted into an
electroporation cuvette with 4 mm gap (VWR). The electroporation cuvette was placed in
the cuvette holder and electric pulses were delivered (no pulses were delivered for sham
control). Then, the cell suspension (20 pl) was transferred to a new 1.5 ml microcentrifuge
tube and 25 min after the last pulse, the complete growth medium DMEM (380 pl) was
added. The cell suspension was gently vortexed and plated (100 pl) in three technical
replicates into a well of a flat bottom 96-well plate. The plate was then placed in an incubator
at 37 °C in a humidified, 5 % CO» atmosphere. After 24 h, 20 ul of the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (cat. no. G3580, Promega, Wisconsin, USA) was
added to each well of the 96-well plate. After 2 h 35 min of incubation at 37 °C in a
humidified atmosphere containing 5 % CO», absorbance was measured at 490 nm using an
Infinite 200 (Tecan, Austria) spectrofluorometer. Cell survival was calculated by first
subtracting the absorbance of the blank (complete growth medium DMEM) and then
normalizing the average absorbance of the three technical replicates of the sample to the
absorbance of the sham controls. Experiments were repeated 3—5 times for each pulse
protocol.

The curves for cell membrane permeabilization and cell survival are shown in Figure 2.
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Figure 2: Cell survival (triangles, dashed line) and cell membrane permeabilization (circles, solid line) of
B16F1 cells after electroporation with (A) twenty-five 200 ns pulses at 10 Hz repetition rate, (B) one hundred
200 ns pulses at 10 Hz repetition rate, (C) one 400 ns pulse, (D) one hundred 400 ns pulses at 10 Hz
repetition rate, (E) one 550 ns pulse, (F) twenty-five 550 ns pulses at 10 Hz repetition rate, (G) one hundred
550 ns pulses at 10 Hz repetition rate at different electric field strengths (E). The bars represent the standard
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deviation, and the blue vertical line marks the determined optimal electric field strength for
electrochemotherapy.

The percentage of cells with permeabilized cell membrane increased with increasing electric
field strength. With shorter pulses, higher electric field strengths were required to reach the
same degree of cell membrane permeabilization as with longer pulses; and with increasing
the number of pulses, lower electric field strengths were required to achieve the same effect.
We were unable to achieve > 99 % cell membrane permeabilization of B16F1 cells when
using one nanosecond pulse (of 200, 400 or 550 ns duration) at the highest voltage in safe
operation of the CellFX pulse generator. High (i.e., > 99 %) cell membrane permeabilization
was achieved with all other nanosecond pulse protocols.

Cell survival decreased with increasing electric field strength, with the exception of a one
pulse of 200, 400, or 550 ns, for which we observed no decrease in cell survival compared
with sham control, even at the highest electric field strength. For longer pulse durations and
for a larger number of pulses, the cell survival started decreasing at lower electric field
strengths compared to pulse protocols with shorter pulse durations and fewer pulses. When
delivering one hundred nanosecond pulses of all the three pulse durations tested, cell survival
started decreasing before the cell membrane permeabilization reached its maximum.

2.2.2 Lipid peroxidation after electroporation

To measure lipid peroxidation in Chinese hamster ovary cells (CHO) after electroporation
with twenty-five 400 ns and eight 100 us pulses, the Click-iT Lipid Peroxidation Imaging
Kit - Alexa Fluor 488 (catalog number C10446 Invitrogen, Thermo Fisher Scientific) was
used, with some modification of the manufacturer’s protocol to adapt to the CHO cell line.

CHO-K1 cells, obtained from the European Collection of Authenticated Cell Cultures
(catalog number 85051005, mycoplasma free), were grown in Nutrient Mixture F-12 Ham
(catalog number N6658, Sigma-Aldrich, Massachusetts, United States) supplemented with
10 % fetal bovine serum (catalog number F9665, Sigma-Aldrich), 1.0 mM L-glutamine
(catalog number G7513, Sigma-Aldrich), 50 pg/ml gentamycin (catalog number G1397,
Sigma-Aldrich) and 1 U/ml penicillin/streptomycin (catalog number P0781, Sigma-Aldrich)
for 2—4 days at 37 °C in a humidified, 5 % CO; atmosphere. On the day of the experiment,
cells were detached with 1x trypsin-EDTA (cat. no T4174, Sigma-Aldrich) diluted in 1%
Hank’s basal salt solution (catalog number H4641, Sigma-Aldrich). Trypsin was inactivated
by DMEM (catalog number D5671, Sigma-Aldrich) supplemented with 10 % fetal bovine
serum (catalog number F9665, Sigma-Aldrich), 2.0 mM L-glutamine, 50 pg/ml gentamycin
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and 1 U/ml penicillin/streptomycin — referred to as complete growth medium DMEM and
used in this composition through all experiment. Cells were transferred to a 50 ml centrifuge
tube and centrifuged at 180 g for 5 min (centrifuge 3-16PK, Sigma-Aldrich) at room
temperature. The supernatant was discarded, and the cells were resuspended at a cell density
of 4 x 10° cells/ml in complete growth medium DMEM, which was used as electroporation
medium. Linoleamide alkyne was added to the cell suspension at a final concentration of
200 uM. 600 pl of the cell suspension was transferred to multiple electroporation cuvettes
with 4 mm gap (VWR). 150 ul of the cell suspension was transferred to multiple 1.5 ml
centrifuge tubes for unstained and positive controls and to several electroporation cuvettes
with 2 mm gap (VWR). To the positive controls, 1.5 pl of cumene hydroperoxide 10 mM
working solution in complete growth medium DMEM was added. 15 min after the addition
of linoleamide alkyne, the cell suspension was electroporated in electroporation cuvettes at
room temperature. Using the CellFX System (Pulse Biosciences), 400 ns monophasic
rectangular pulses with 10 Hz repetition rate at 3.9 kV/ecm were delivered to the cell
suspension in electroporation cuvettes with 4 mm gap. Signals were monitored with a
WaveSurfer 3024Z, 200 MHz oscilloscope (Teledyne LeCroy), voltage was measured with
a 1 kQ resistor and a Pearson model 2877 (1 V/1 A, 200 MHz) current monitor; and electric
current was measured with a Pearson model 2878 (1 V/10 A, 70 MHz) current monitor (all
from Pearson Electronics). A laboratory prototype pulse generator (University of Ljubljana)
based on an H-bridge digital amplifier with 1 kV MOSFETs (DE275-102N06A, IXYS,
USA) (Sweeney et al., 2016) was used to deliver eight 100 us monophasic rectangular pulses
with 1 Hz pulse repetition rate at 1.1 kV/cm to the cell suspension in electroporation cuvettes
with 2 mm gap. Voltage and electric current were monitored using WaveSurfer 422, 200
MHz oscilloscope, CP030 current probe, and ADP305 high-voltage differential voltage
probe (all from Teledyne LeCroy). Electric field strength was calculated by dividing the
measured voltage by the electroporation cuvette gap (i.e., the distance between parallel plate
electrodes). For the negative (sham) controls, the electroporation cuvettes were placed on
the cuvette holders connected to the pulse generators, but no electric pulses were delivered.
After electroporation, 150 pl of the cell suspension from the electroporation cuvette was
transferred to a 1.5 ml centrifuge tube and incubated at 37 °C in a humidified 5 % CO
atmosphere and vortexed from time to time to prevent cells from sticking to the bottom of
the tube. At 2 h after the addition of linoleamide alkyne, the cells were centrifuged at 300 g
for 5 min at room temperature. The supernatant was discarded, and the cells were washed
with 200 pul of phosphate buffered saline (PBS). Centrifugation and washing were repeated
two more times. Then, the cell pellet was resuspended in 300 pl of PBS and transferred to a
well of a 24-well cell culture plate. The cells were left at room temperature for 30 min to
attach to the bottom of the well. The PBS was then removed and 300 ul of 3.7 %
formaldehyde in PBS was added to each well. The cells were incubated with formaldehyde
for 15 min at room temperature, then the formaldehyde was removed and cells were washed

55



Vizintin A. Alternative pulse waveforms in electroporation-based technologies.
Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022

three times with 400 pl of PBS. After the last wash, PBS was removed and 300 pl of 0.25 %
Triton X-100 in PBS was added to each well. After 10 min of incubation at room
temperature, Triton X-100 was removed and 300 pul of 1 % BSA in PBS was added to each
well. After 30 min, the BSA solution was removed and 250 pl of the Click-iT reaction
cocktail (prepared according to the manufacturer’s protocol) was added to each well, except
for the wells containing the unstained controls (the unstained controls were kept in PBS
instead). The plate was incubated for 1 h 30 min at room temperature protected from light.
After incubation, the Click-iT reaction cocktail was removed, and the cells were washed
twice with 300 pl of 1 % BSA in PBS and then two times with 300 pul of PBS. After the last
wash, PBS was removed and 250 pl of pre-warmed trypsin-EDTA in 1x Hank’s basal salt
solution was added to the cells. After 1.5 min, trypsin was inactivated by adding 250 ul of
complete growth medium DMEM. Cell suspensions were analyzed using the Attune NxT
flow cytometer (Thermo Fisher Scientific). A blue laser at 488 nm was used for excitation
and a 530/30 nm bandpass filter was used to detect the emitted fluorescence of Alexa Fluor
488. Individual cells were separated from all events by gating. The measurement was
stopped when 10,000 single cells were recorded. The data obtained were analyzed using
Attune NxT software (Thermo Fisher Scientific). The median fluorescence of the cells was
determined from the Alexa Fluor 488 fluorescence histogram. Experiments were performed
in duplicate for each treatment and repeated on 4 different days. Data were analyzed by the
one-way analysis of variance (ANOVA) and post hoc Tukey test (a = 0.05). The average
median fluorescence for each group is shown on Figure 3.
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Figure 3: Lipid peroxidation of CHO cells measured with the Click-iT Lipid Peroxidation Imaging Kit -
Alexa Fluor 488. Cells were electroporated with twenty-five 400 ns pulses at 3.9 kV/cm with a pulse
repetition rate of 10 Hz (25 x 400 ns) or eight 100 us pulses at 1.1 kV/cm with a pulse repetition rate of 1 Hz
(8 x 100 us). The negative control (negative ctrl) was treated in the same manner as the electroporated cells,
except that no electric pulses were delivered to the electroporation cuvette. Cumene hydroperoxide was
added to the positive control (positive ctrl) to induce lipid peroxidation. An asterisk (*) indicates statistically
significant differences (p < 0.05) between groups.

As can be observed in Figure 3, the signal from the negative control, positive control, and
all electroporated cells was statistically significantly higher than that from the unstained
cells, and the signal from the cells electroporated with twenty-five 400 ns pulses was
statistically significantly lower than that from the negative control. Contrary to expectations,
the average value of the positive control was even slightly lower than that of the negative
control, although the differences between the two were not statistically significant. These
results suggest that the Click-iT Lipid Peroxidation Imaging Kit - Alexa Fluor 488 is not a
suitable method for detecting lipid peroxidation of CHO cells at least within the first hours
after electroporation.
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3 DISCUSSION AND CONCLUSIONS

3.1 DISCUSSION

3.1.1 Determination of equiefficient pulses

In our study, we first measured cell survival and cell membrane permeabilization of different
cell lines after electroporation to empirically determine the pulse parameters of H-FIRE
(Vizintin et al., 2020) and nanosecond pulses (Vizintin et al., 2021, 2022) that are
equiefficient to the standard eight 100 ps pulses with 1 Hz repetition rate.

For H-FIRE pulses, we delivered a burst of 400 biphasic rectangular pulses. One pulse was
defined as consisting of the positive phase, the interphase delay, and the negative phase. The
duration of the positive phase was 1 us and the duration of the negative phase was 1 us for
all H-FIRE pulses, while the duration of the interphase delay (i.e., the delay between the
positive phase and the negative phase) and the interpulse delay (i.e., the delay between pairs
of biphasic pulses) were varied from 0.5 to 10,000 us. All H-FIRE pulse protocols and the
eight 100 pus pulses had the same amplitude — to be able to determine the effects of delay,
we chose an amplitude at which the differences between the different pulse protocols were
most pronounced. For membrane permeabilization (measured by uptake of propidium
1odide), an amplitude of 300 V (corresponding to an electric field strength of 1.5 kV/cm)
was chosen. For cell survival, measured by the metabolic MTS assay, a pulse amplitude of
500 V (resulting in an electric field strength of 2.5 kV/cm) was chosen. Four different cell
lines were tested: Chinese hamster ovary CHO-K1, rat cardiac myoblast H9¢c2, mouse
myoblast C2C12, and mouse neuronal cell line HT22.

We have shown in all four cell lines tested that by extending the interphase and interpulse
delay (or in other words, reducing the pulse repetition rate) of the H-FIRE pulses, lower cell
survival can be achieved while maintaining the same pulse amplitude and duration of
positive and negative phase. This is consistent with previous studies reporting that pulses
with lower pulse repetition rates are more effective for electroporation (Pucihar et al., 2002;
Sersa et al., 2010; Arena et al., 2011; Pakhomova et al., 2011). However, only the H-FIRE
pulse protocol with an interphase and interpulse delay of 10,000 ps decreased the cell
survival as effectively as the standard eight 100 us pulses for the CHO and HT22 cell lines.

The duration of the interphase and interpulse delay had a more complex effect on membrane
permeabilization. When the interphase delay was kept at 1 us, the rate of cell membrane
permeabilization increased with the extension of the interpulse delay, which is consistent
with the cell survival results. However, when the interphase and interpulse delays were of
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the same duration, no increase or even a decrease in cell membrane permeabilization was
measured for pulses with a delay of 1000 or 10,000 ps, in contrast to what was observed for
cell survival. All H-FIRE pulse protocols tested were less effective than the standard eight
100 ps pulses in terms of cell membrane permeabilization in all four tested cell lines tested,
which is consistent with previous reports (Sweeney et al., 2016). The discrepancy between
cell survival and membrane permeabilization results underscores the importance of clearly
defining the goal of electroporation when establishing equiefficient pulse protocols.

H-FIRE pulses have attracted attention because their application has been shown to result in
reduced muscle contractions (the main drawback of medical and veterinary electroporation-
based applications) compared with monophasic pulses of equal amplitude. However, higher
electric field strengths are generally required to achieve the same effect with H-FIRE as with
monophasic pulses. Until recently, it was not clear whether H-FIRE pulses with higher
amplitudes would still reduce muscle contractions and pain sensation compared with equally
effective monophasic pulses with lower amplitudes, because as pulse amplitude increases,
muscle contractions increase as well. Our results indicate that the efficiency of H-FIRE
pulses could be improved by extending the delays instead of increasing the pulse amplitude,
but we did not investigate the effects of the delays on muscle contractions and pain
sensations. A theoretical study (Aycock et al., 2021) suggested that shortening the interphase
delay and extending the interpulse delay in H-FIRE pulses, both the ablation volume (the
goal of tissue ablation with irreversible electroporation) and the thresholds for nerve
excitation increase, implying that higher pulse amplitudes are required to excite the nerves
as are needed to achieve the desired ablation volume. Their results were partially confirmed
in a recent human study — Cvetkoska et al. (2022) confirmed that pulses with short interphase
delays and longer interpulse delays reduced muscle contractions but not painful sensations.
On the other hand, they showed that a simultaneous increase in interphase and interpulse
duration in H-FIRE pulses up to 10 ps increased the muscle contractions but did not elicit
strong painful sensations and muscle contractions were still significantly lower compared
with the standard eight 100 ps pulses. When the interpulse delay was extended beyond 10 ps,
they observed a decrease in muscle contractions but also an increase in pain perception.
Overall, their results suggest that pulse-induced muscle contractions do not necessarily
correlate with pain sensations and vice versa. This could be a consequence of the different
response of the different types of nerve fibers involved in signal transmission to electric
pulses with different parameters, and that the interphase and interpulse delays indeed play
an important role in muscle contractions and/or pain sensations induced by H-FIRE pulses.

To elucidate nanosecond pulse protocols which are equiefficient to eight 100 us pulses, cell

membrane permeabilization (defined as the percentage of YO-PRO-1-stained cells) and cell
survival (determined by the metabolic MTS assay) of CHO and mouse melanoma B16F1
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cells were measured after electroporation with the standard 100 ps pulses lines at a pulse
repetition rate of 1 Hz and nanosecond pulse protocols with different pulse parameters at
different electric field strengths. Nanosecond pulses with three different pulse durations
(200, 400, or 550 ns), three different numbers of pulses (1, 25, or 100 pulses), and one pulse
repetition rate (10 Hz) were studied on CHO cells, while only selected nanosecond pulse
protocols (namely one 200 pulse and twenty-five 400 ns pulses at a pulse repetition rate of
10 Hz) were tested on B16F1 cells. From the survival-permeabilization curves, the electric
field strength that caused the highest cell membrane permeabilization without decreasing
cell survival was selected for each pulse protocol. These conditions (i.e., high cell survival
and high cell membrane permeabilization) were selected because they were optimal for
electrochemotherapy and the pulse protocols were next to be tested in in vitro
electrochemotherapy experiments. As expected, higher electric field strengths were required
to achieve high membrane permeabilization with shorter pulses. The optimal electric field
strength value for the eight 100 ps pulses was determined to be 1.1 kV/cm for CHO and 0.9
kV/cm for B16F1 cells, whereas all optimal electric field strengths for the nanosecond pulse
protocols were higher. When comparing nanosecond pulses of the same duration, lower
electric field strengths were required to achieve high membrane permeabilization when a
larger number of pulses was used, as expected. For CHO cells, all pulse protocols tested
permeabilized more than 99 % of the cells at the selected optimal electric field strength, with
the exception of one 200 ns pulse which permeabilized around 85 % of the cell population
at the highest electric field strength within the safe operating range of the pulse generator
used. In the case of the B16F1 cell line, cell membrane permeabilization of less than 99 %
was achieved with one nanosecond pulse of 200, 400 and also 550 ns pulse duration at the
highest electric field strength, suggesting that higher electric field strengths are required for
permeabilization of B16F1 cells compared with CHO cells when only one nanosecond pulse
i1s used. This is in contrast to what was observed with the eight 100 us pulses — lower electric
field strength was required for these pulses to permeabilize B16F1 cells than CHO cells.

In addition to the percentage of YO-PRO-1-stained cells, the median fluorescence intensity
of YO-PRO-1 was also measured for CHO cells, which provides information on how many
molecules of YO-PRO-1 entered the permeabilized cells. At the determined optimal electric
field strength, the highest fluorescence intensity was measured for the eight 100 ps pulses,
while the lowest intensities were measured for pulse protocols with only one nanosecond
pulse. Increasing the electric field strength above the optimal value also increased the
fluorescence intensity for all pulses, suggesting that although virtually the entire population
is already permeabilized at lower electric field strengths, more molecules of YO-PRO-1
enter the cells at higher electric field strengths. We have also found that for applications
based on reversible electroporation (such as electrochemotherapy or gene electrotransfer),
the use of a lower number of pulses at a higher electric field strength may be more
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appropriate than the use of a higher number of pulses at a lower electric field strength,
because with fewer pulses there is a wider range of electric field strengths at which a very
high cell membrane permeabilization is achieved without a noticeable decrease in cell
survival.

3.1.2 Release of metal from electrodes

Our study was the first report of metal release of from electrodes after application of H-FIRE
and nanosecond pulses.

The concentration of metal ions in saline was measured by inductively coupled plasma mass
spectrometry after delivery of H-FIRE pulses (as in the cell experiments) and the standard
eight 100 pus pulses to wire electrode of aluminum, stainless steel and platinum. All of the
H-FIRE pulses tested caused significantly less metal release from aluminum and stainless
steel electrodes compared to the eight 100 us pulses with the same pulse amplitude, which
is consistent with previous reports that biphasic pulses cause a less metal release than
monophasic pulses (Kotnik and others, 2001a). However, in the case of platinum electrodes,
metal release was not significantly lower for all H-FIRE pulses — for some H-FIRE pulse
protocols, there were no statistically significant differences in the concentration of released
platinum ions as with the eight 100 ps pulses, although 1-2 orders of magnitude lower
concentration of released platinum was measured after application of H-FIRE pulses. With
the exception of platinum, it could be concluded from our study that it is possible to extend
the delays in the H-FIRE pulses to achieve an equivalent biological effect as with the
standard eight 100 ps pulses with still lower metal release from the electrodes. H-FIRE
pulses appear to be superior to the standard eight 100 us in terms of limiting electrochemical
reactions, which was confirmed in another experimental and numerical in vitro study
(Mahni¢-Kalamiza and Miklav¢ic, 2020).

Different interphase and interpulse delays in the H-FIRE pulse protocol resulted in
significant differences in the concentration of released metals from aluminum and stainless
steel electrodes. However, more platinum ions were measured after application of H-FIRE
pulses with 1 ps interphase delay and various other durations of interpulse delay than with
H-FIRE pulses that had interphase and interpulse delays of the same duration. Our study
could not explain why this was observed. Further work would be needed to understand the
effects of the pulse delays in H-FIRE pulses on metal release from platinum electrodes. It is
also interesting to note that after eight 100 ps pulses were delivered to the stainless steel
electrodes, the highest concentration of iron ions was measured, followed by chromium,
nickel, and manganese ions, which is proportional to the composition of the stainless steel
wire used to fabricate the electrodes. However, delivery of H-FIRE pulses to the stainless
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steel electrodes resulted in a similar concentration of released chromium and manganese
ions, a slightly higher concentration of nickel ions, and the highest concentration of iron
ions, which is not proportional to either the composition of the stainless steel or to the
standard potentials of the oxidation half-reactions. Future work would be needed to
understand how different pulse waveforms affect metal release from the electrodes.

Aluminum, stainless steel, and platinum are commonly used as electrode materials. Metal
release from all three materials has been previously reported (Black and Hannaker, 1980;
Loomis-Husselbee et al., 1991; Friedrich et al., 1998; Tomov and Tsoneva, 2000; Kotnik et
al., 2001; Morren et al., 2003; Evrendilek et al., 2004; Roodenburg et al., 2005a, 2005b; Gad
et al., 2014). However, it is difficult to compare the results of different studies because there
are large differences in the set-up, electrode geometry, electrolyte composition, and the
various parameters of the electric pulses used. On the other hand, in our study the conditions
were the same for all electrodes and pulse protocols and, so amounts of released metals can
be compared. The amount of metal ions released from the electrodes varied greatly between
the three electrode materials tested — the absolute highest amount of released metal ions was
measured for aluminum electrodes and the lowest for platinum electrodes. It was also found
that the delivery of electric pulses, particularly the eight 100 ps pulses, caused visible
corrosion of the aluminum electrodes, while no corrosion was observed for stainless steel or
platinum electrodes.

The amount of aluminum ions released from the electroporation cuvettes after delivery of
nanosecond pulses was measured by inductively coupled plasma mass spectrometry.
Nanosecond pulses protocols and the standard eight 100 pus pulses with electric field
strengths determined to be optimal for electrochemotherapy of CHO cells were delivered to
electroporation cuvettes (made of an aluminum alloy of unknown composition) filled with
saline. A significantly lower concentration of released aluminum ions was measured when
any of the nanosecond pulse protocols was delivered to the electroporation cuvettes
compared to the eight 100 pus pulses. We demonstrated that shortening the pulse duration to
a few hundred nanosecond pulses reduced the amount of metal released from the electrodes,
even when the voltage and number of pulses were increased to achieve a comparable
biological effect as with longer duration pulses. Because metal release from electrodes is a
subgroup of the electrochemical reactions at the electrode-electrolyte interface, this argues
for the use of nanosecond pulses over microsecond pulses if the electrochemical reactions
are to be kept to a minimum. However, the metal release does not seem to depend only on
the pulse duration — comparison of individual nanosecond pulses with the same set amplitude
and different pulse durations (200, 400 and 500 ns) shows that, contrary to expectations, the
highest concentration of aluminum ions was measured after delivery of the shortest (i.e.
200 ns) pulse. The amount of metal ions released also does not appear to correlate well with
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the energy delivered to the cuvette (estimated by multiplying the pulse duration and the
number of pulses by the measured amplitude of the voltage and the measured amplitude of
the electric current) — for example, the estimated energy for one 200 ns pulse was the lowest,
but the measured amount of metal ions released was one of the highest.

We confirmed our first hypothesis that H-FIRE and nanosecond pulses limit electrochemical
reactions also when the pulse parameters are adjusted to achieve the same biological effect
as with longer monophasic pulses. As presented in the Chapter 1 Presentation of the problem
and hypotheses, electrochemical reactions at the electrode-electrolyte interface during the
delivery of high-voltage electric pulses cause a number of effects, including (but not limited
to) electrode fouling and corrosion, bubble formation, and release of the electrode material,
limiting the prevalence of electroporation-based applications in food processing,
biotechnology, medicine, and other fields. Electrodes in electroporation-based applications
are most commonly made of metal. The metal ions released from the electrodes can affect
the treated cells or media in a variety of ways, from cytotoxic effects to chemical alteration
of the medium. Since the metal ions released pose a major health risk of foods treated with
electric pulses, it is of utmost importance that the metal ion concentrations are within health
safety standards. It is therefore important to limit electrochemical reactions when they are
undesirable, and one of the strategies to achieve this is to optimize pulse parameters (Saulis
et al., 2015; Pataro and Ferrari, 2020). However, a direct comparison between the H-FIRE
and nanosecond pulses from is not possible based on the results of our study because
different electrode materials (pure aluminum for H-FIRE vs. aluminum alloy in the case of
nanosecond pulses) and different electrode geometries (wire electrodes in microcentrifuge
tubes for H-FIRE vs. electroporation cuvettes in the case of nanosecond pulses) were used,
resulting in different contact areas and current densities. The electric field distribution is
inhomogeneous when wire electrodes are used, while the electrodes in the electroporation
cuvettes are essentially plate electrodes that are parallel to each other and give relatively
homogeneous field distribution (Rebersek et al., 2014).

In both sets of experiments, some metal ions were released from the electrodes into the
solution, even in the sham controls where the solution was in contact with the electrodes for
only a few seconds and no pulses were delivered. This was probably the result of the
formation of the so-called double layer of charged particles and/or oriented dipoles at the
electrode-electrolyte interface, which forms immediately after the electrodes are immersed
in the electrolyte. Due to the formation of an electric field between the electrode and the
layer of ions in the double layer, electrons are transferred between the electrode and the
electrolyte and chemical reactions are initiated, even when no external voltage is applied.
This accelerates the oxidation reactions, and consequently causes the release of metal ions
from these electrodes (Morren et al., 2003).
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A very pure saline (i.e., 0.9 % NaCl solution in water) was used for metal release
experiments. Although the saline does not mimic the real electroporation media or tissue
well, it was chosen because it contains only minimal amounts of the metal ions of interest,
allowing us to detect very small amounts of metal ions released. In contrast, the growth
medium used in the cell experiments contains several orders of magnitude higher amounts
of some of the metal ions of interest, as released from the electrodes, and for this reason was
unsuitable for this set of experiments.

3.1.3 Cell membrane resealing and lipid peroxidation

Our aim was to compare the extent of lipid peroxidation after electroporation with electric
pulses of different waveforms and to correlate lipid peroxidation with cell membrane
resealing. Cell membrane resealing was measured for different nanosecond pulse protocols
and the eight 100 us pulses at the electric field strength determined to be optimal for
electrochemotherapy in survival and permeabilization experiments by adding YO-PRO-1 to
CHO cells every 2 min from 2 to 26 min after electroporation and measuring the percentage
of YO-PRO-I-fluorescent cells (Vizintin et al., 2021). The Click-iT Lipid Peroxidation
Imaging Kit - Alexa Fluor 488 was used to measure lipid peroxidation in CHO cells
electroporated with twenty-five 400 ns pulses or eight 100 us pulses at the electric field
strength determined to be optimal for electrochemotherapy.

The cell membrane resealed in less than 5 min after application of eight 100 us pulses. For
some of the nanosecond pulse protocols, the time required to reseal the cell membrane was
not significantly longer, but for the twenty-five 200 ns, twenty-five 400 ns, twenty-five 550
ns, one hundred 550 ns pulses and one 400 ns and one 550 ns pulse, the membrane required
a significantly longer time (more than 10 min) to reseal.

Some reports suggest that electroporation with nanosecond pulses forms smaller pores in the
cell membrane than to pores formed by longer pulses (Vernier et al., 2006; Pakhomov et al.,
2007a, 2009). For laser-induced pores, it has been shown that a longer time is required for
resealing the membrane with smaller pores than with larger pores (Jimenez et al., 2014).
This is consistent with the assumption that cells are more tolerant of small wounds, whereas
larger pores in the membrane must be repaired more quickly for the cell to survive the injury
(Jimenez and Perez, 2015), suggestive of different mechanisms being activated depending
on pore size. The size of the pores could thus affect the time it takes for the cell membrane
to reseal.
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Electroporation with nanosecond pulses also degrades the microtubule network structure and
dampens lysosome movement (Thompson et al., 2014, 2018). Modulation of microtubule-
mediated lysosome transport or even direct damage to lysosomes could affect cell membrane
repair and lead to in longer membrane resealing time because lysosomes are involved in key
cell membrane repair mechanisms, including membrane patching and endocytosis-mediated
pore removal (Draeger et al., 2014; Jimenez and Perez, 2015).

It remains unclear whether lipid peroxidation of cell membrane lipids contributes equally to
the observed increased cell membrane permeability after electroporation with different pulse
waveforms. Using eight 100 ps pulses, Michel et al. (2020) observed oxidation of C-11
BODIPY (probe for detection of lipid peroxidation) after electroporation at similar electric
field strengths that permeabilized the cell membrane to YO-PRO-1. In contrast, when cells
were electroporated with a single 300 ns pulse, higher electric field strengths were required
to observe oxidation of C-11 BODIPY than for cell membrane permeabilization. Szlasa et
al. (2021) used the Click-iT Lipid Peroxidation Imaging Kit - Alexa Fluor 488 to measure
lipid peroxidation in melanotic melanoma A375 cells 36 h after electroporation with eight
100 ps and eight 10 ms pulses at different electric field strengths. When comparing eight
100 ps and eight 10 ms pulses at an electric field strength of 200 V/cm, statistically
significant higher lipid peroxidation was measured with the former, although application of
these two pulse protocols resulted in similar cell membrane permeabilization and cell
survival. However, because lipid peroxidation was measured only after 36 h, it could also be
a consequence of the oxidative stress induced by electroporation rather than a direct effect
of the electric pulses on membrane lipids (Borza et al., 2013).

In our study, the same method as in Szlasa et al. (2021) was chosen to measure lipid
peroxidation after electroporation of CHO cells, i.e., the Click-iT Lipid Peroxidation
Imaging Kit - Alexa Fluor 488, but our aim was to measure lipid peroxidation earlier after
electroporation. We decided to fix the electroporated cells 2 h and 30 min after
electroporation — this decision was made on the bases of on preliminary experiments in
which fixation of cells was performed between 40 min and 3 h after electroporation to deduce
how much time is needed for sufficient signal development in the assay. However, the
statistically significant differences were measured only between the unstained cells and all
other samples and between the negative control and the cells electroporated with twenty-five
400 ns pulses, and contrary to expectations, the measured signal was lower in the latter. Not
even the signal of the positive control was statistically significantly different from the
negative control, and, contrary to expectations, the average value of the positive control was
even slightly lower than that of the negative control. There was also a large variance between
duplicates performed on the same day and also between samples from different days. These
results suggest that the Click-iT Lipid Peroxidation Imaging Kit - Alexa Fluor 488 is not a
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suitable method for detecting lipid peroxidation of CHO cells at least within the first hours
after electroporation. Therefore, we could neither confirm nor refute our second hypothesis
that electroporation of cells with membrane-permeabilizing pulses of different parameters
causes comparable oxidation of cellular components. Other methods should be tried to assess
lipid peroxidation after electroporation, such as mass spectrometry-based shotgun lipidomics
(Hu et al., 2017).

3.1.4 Electrochemotherapy with nanosecond pulses

First, cell survival of CHO cells after in vitro electrochemotherapy with bleomycin or
cisplatin was measured using the metabolic MTS assay 72 hours after treatment (Vizintin et
al., 2021). This method is fast and easy to use and allowed us to test many nanosecond pulse
protocols using different pulse parameters. We used nanosecond pulses of three different
pulse durations (200, 400, or 550 ns) and three different numbers of pulses (1, 25, or 100
pulses) at a pulse repetition rate of 10 Hz and the standard eight 100 ps pulses at a pulse
repetition rate of 1 Hz at the electric field strength previously determined to be optimal for
each parameter or, in the case of one 200 pulse, at the highest experimentally achievable
electric field strength. For selected pulse protocols (namely, one 200 ns pulse, twenty-five
400 ns pulses, and the eight 100 us pulses), cell survival after electrochemotherapy was also
measured by the clonogenic assay (Vizintin et al., 2021, 2022). Cell survival after
electrochemotherapy with cisplatin was also measured for the B16F1 cell line by the
clonogenic assay for the one 200 ns pulse at the highest experimentally achievable electric
field strength and for twenty-five 400 ns pulses and the eight 100 us pulses at the electric
field strength previously determined to be optimal for this cell line (ViZintin et al., 2022).
For the one 200 ns pulse and the twenty-five 400 ns pulses, the same electric field strengths
were used as for CHO (i.e., 12.6 kV/cm and 3.9 kV/cm, respectively), whereas for the eight
100 ps pulses, an electric field strength of 1.1 kV/cm was used for CHO, but 0.9 kV/cm for
B16F1 cells. Since the increase of intracellular accumulation of the chemotherapeutic agent
has been identified as one of the main mechanisms of action of electrochemotherapy, and
the mechanisms of action of electrochemotherapy with nanosecond pulses have not yet been
explored, we tested, whether the combination of permeabilizing electric pulses (which alone
do not decrease cell survival) and cisplatin leads to increased cellular cisplatin accumulation
(compared with non-electroporated cells) and whether the amount of cellular cisplatin
correlates with cell survival after electrochemotherapy. In addition, the effects of the high-
voltage electric pulses on the structure of cisplatin were investigated by nuclear magnetic
resonance spectroscopy and high-resolution mass spectrometry.

Electroporation alone (i.e., without bleomycin or cisplatin) did not decrease cell survival.
Within the range of bleomycin and cisplatin concentrations tested, a decrease in cell survival
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of non-electroporated cells was observed only in CHO cells incubated with 50 pM cisplatin.
The combination of electroporation and bleomycin or cisplatin resulted in a decrease in cell
survival of both cell lines for all pulse protocols the tested, with the sole exception of the
one 200 ns pulse in BI6F1 cells.

The smallest decrease in cell survival was measured with the MTS assay for CHO cells
electroporated with one 200 ns pulse at 12.6 kV/cm and bleomycin, and with the clonogenic
assay for B16F1 cells electroporated with the same pulse protocol and cisplatin. This is not
surprising because this pulse protocol permeabilized the cell membrane of only 85 % of
CHO cells and less than 50 % of B16F1 cells, which is suboptimal for electrochemotherapy.
More interestingly, however, despite the suboptimal cell membrane permeabilization, one
200 ns pulse was as effective in decreasing cell survival of CHO cells in
electrochemotherapy with cisplatin as the twenty-five 400 ns and eight 100 pus pulses.

In cells subjected to the same treatment (i.e., same pulse protocol and same concentration of
bleomycin/cisplatin), considerably lower cell survival was measured by the clonogenic assay
than the MTS assay. This is in agreement with Jakstys et al. (2015), who compared the results
of various cell viability assays after in vitro electrochemotherapy with bleomycin, including
the MTT assay, a colorimetric metabolic assay in principle similar to the MTS assay, and
the clonogenic assay. In our study, the clonogenic assay measured a decrease in cell survival
to about 1 % after CHO cells were exposed to 40 nM bleomycin and eight 100 ps pulses,
140 nM bleomycin and twenty-five 400 ns pulses, or 50 uM cisplatin and eight 100 ps or
twenty-five 400 ns pulses, whereas the MTS assay measured the cell survival to be about 30
— 50 % under these conditions. Cell survival measured with the MTS assay also reached a
plateau at a certain bleomycin concentration, i.e., with further increasing bleomycin
concentration, the measured signal only slightly decreased. In contrast, when cell survival
after electrochemotherapy with bleomycin was measured by the clonogenic assay, no such
plateau was not observed— cell survival decreased with increasing bleomycin concentration.
The different results of the two assays are a consequence of differences in their principles.
The MTS assay is based on bioreduction of the tetrazolium salt MTS. It is a simple and rapid
colorimetric method for determining the number of viable cells and thus allows screening of
many different treatments (Gehl et al., 1998). However, the disadvantage of this assay is its
dependence on the metabolic state of the cells, i.e., cells that are metabolically more active
produce a stronger signal and vice versa, resulting in discrepancies between the measured
signal and the actual number of viable cells. It is known that cells are stressed by
electroporation, so their metabolic activity increases after the treatment and influence the
results of the test (Forjanic et al., 2019; Dovgan et al., 2021). The clonogenic assay, on the
other hand, is based on the assumption that after treatment any remaining viable cell will
form a colony after a sufficient time. For cell lines that form colonies, the clonogenic assay
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is the best way to determine the number of viable proliferating cells after treatment
(Satkauskas et al., 2017). However, the clonogenic assay is time consuming and therefore
rapid screening with the MTS assay is often preferred by researchers. The reason for the
discrepancies between the survival measured with the MTS and the clonogenic assay could
be that some cells treated with electric pulses and bleomycin or cisplatin are still
metabolically active and generate a signal in the MTS assay, but because of the
chemotherapeutic-induced reproductive cell death (i.e., loss of replicative capacity)
(Tounekti et al., 2001) cannot divide and therefore do not form colonies in the clonogenic
assay.

In electrochemotherapy with bleomycin, the nanosecond pulses required the use of higher
extracellular concentrations of bleomycin to reduce the survival of CHO cells to the same
extent as the eight 100 ps pulses, but even the highest bleomycin concentration used was still
significantly lower than the therapeutic doses used in electrochemotherapy treatments in
clinical practice. Among the different nanosecond pulse protocols tested, three protocols
(namely, twenty-five 200 ns pulses, twenty-five 400 ns pulses and one hundred 550 ns
pulses) decreased cell survival of electroporated CHO cells at lower bleomycin
concentrations than other nanosecond pulse protocols tested. For these three pulse protocols
also the longest cell membrane resealing time after electroporation was observed. The
electroporated cells were diluted 25 min after electroporation. This is more than the longest
measured time for cell membrane resealing, allowing sufficient time for bleomycin to
penetrate through the permeabilized cell membrane. Because transmembrane transport is an
integral of flux (i.e., the number of molecules passing through the membrane per unit time)
over time, we can assume that a longer resealing time leads to a higher intracellular
accumulation of bleomycin and consequently a greater decrease in cell survival. However,
to confirm this assumption, intracellular bleomycin concentration should be measured. Since
bleomycin is a medium-sized molecule, our findings could be applied to other applications
based on reversible electroporation with nanosecond pulses aimed at introducing medium-
sized molecules (e.g., siRNA) into cells.

On the other hand, for electrochemotherapy with cisplatin, there were no differences in
measured cell survival between nanosecond and eight 100 ps pulses at the same cisplatin
concentration, again with the sole exception of the one 200 ns pulse in B16F1 cells, which
did not decrease the cell survival even at the highest cisplatin concentration tested. The
observed differences in measured cell survival after electrochemotherapy with nanosecond
pulses between bleomycin and cisplatin could be a consequence of the different molecular
size, and mechanisms of action of the two drugs. Bleomycin (about 1500 Da) is larger than
cisplatin (about 300 Da). The eight 100 us may have created more pores large enough to
allow the passage of bleomycin than nanosecond pulses. The type of cell death caused by
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bleomycin depends on how many molecules are taken up into the cells. Bleomycin has been
reported to arrest cells in the G2-M phase of the cell cycle when cells are electroporated at
extracellular bleomycin concentrations in the nanomolar range (the range used in our study).
In contrast, when several million bleomycin molecules are internalized, apoptosis-like cell
death and DNA fragmentation are observed (Tounekti et al., 1993). The toxic effect of
cisplatin is thought to be primarily due to the formation of covalent DNA adducts and the
resulting impairment of transcription and/or DNA replication mechanisms (Makovec, 2019).

Total platinum was measured in cell pellets after electrochemotherapy by inductively
coupled plasma mass spectrometry, not specifically cisplatin, with the assumption that
cisplatin most likely accounted for most of the total platinum measured. This assumption is
supported by the fact that the amount of platinum measured in samples to which cisplatin
was not added was 2 — 3 orders of magnitude lower than in samples with cisplatin, or was
even below the detection limit. A limitation of our study was that we did not know whether
the measured platinum was inside the cells or bound to the cell surface, for example.
However, the medium in which the experiments were performed has a high concentration of
chloride ions, so cisplatin should be stable and the formation of reactive hydrolyzed cisplatin
products that would irreversibly bind to phospholipids in the cell membrane is not expected
(Speelmans et al., 1996). Thus, the measured platinum most likely originates from within
the cells.

In cells exposed to the same pulse protocol and cisplatin concentration, a higher amount of
platinum was measured in CHO than in B16F1 cells. As expected, a higher total amount of
platinum was measured in electroporated cells compared with non-electroporated cells
incubated with the same concentration of cisplatin, except for the one 200 ns pulse in the
CHO cell line, which did not cause a statistically significant higher accumulation of
platinum. These results suggest that intracellular accumulation of cisplatin is also increased
when nanosecond pulses are used for electrochemotherapy. We thus confirmed our third
hypothesis that electroporation with nanosecond pulses increases the amount of cellular
cisplatin and consequently enhances its cytotoxic effect. There were no statistically
significant differences in cell survival and the amount of cellular platinum in cells
electroporated with twenty-five 400 ns and eight 100 us pulses at the same cisplatin
concentration within the same cell line. Interestingly, although a lower amount of platinum
was measured in CHO cells electroporated with one 200 ns pulse than with twenty-five 400
ns and eight 100 pus pulses, the same decrease in cell survival was obtained with all three
pulse protocols.

The number of cisplatin molecules per cell was calculated from the measured platinum
content and correlated with cell survival after electrochemotherapy for each cell line. Cell
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survival was measured to be lower for electroporated CHO cells than for non-electroporated
CHO cells at approximately the same number of cisplatin molecules per cell. Similar results
have been previously reported in the literature but not discussed (Ursic et al., 2018; Zakel]
et al., 2019). This suggests a possible synergistic effect of electroporation and cisplatin,
because the observed decrease in cell survival in electrochemotherapy is not just the sum of
the decrease in cell survival due to electric pulses and cisplatin alone, but electroporation
appears to make cells more susceptible to cisplatin. However, the results of cell survival and
the number of cisplatin molecules per cell for BI6F1 do not indicate a synergistic effect of
electroporation and cisplatin. In B16F1 cells, the number of cisplatin molecules per cell
appears to correlate linearly with the logarithm of cell survival. However, there is only one
experimental point of the electroporated B16F1 cells (i.e., cells electroporated with one 200
ns pulse at 10 uM cisplatin) that falls within the range of the number of molecules of the
non-electroporated cells. As mentioned earlier, the one 200 ns pulse did not effectively
permeabilize nor decrease the cell survival after electrochemotherapy in B16F1 cells. More
data (e.g., from non-electroporated cells incubated with higher concentrations of cisplatin
for which the measured number of cisplatin molecules per cell would fall within the range
of'the electroporated cells) would therefore be required to determine whether a lower number
of internalized cisplatin molecules is also required in the case of BI6F1 cells to decrease cell
survival in electroporated cells compared to non-electroporated cells.

There are several ways in which electroporation could affect cell susceptibility to cisplatin.
Although formation of DNA adducts and impairment of DNA replication and transcription
are thought to be the major mechanism behind the cytotoxic effects of cisplatin, generation
of ROS, mitochondrial dysfunction, disruption of intracellular Ca** homeostasis, and
activation of signal transduction pathways also play important roles (Florea and Biisselberg,
2011). An increase in ROS enhances the efficacy of cisplatin and vice versa (Marullo et al.,
2013; Kleih et al., 2019). Moreover, an increase in intracellular Ca?* concentration enhances
cisplatin-mediated ROS production and increases cisplatin cytotoxicity (Kawai et al., 2006;
Al-Taweel et al., 2014; Gualdani et al., 2019). Generation of intracellular ROS (Pakhomova
et al., 2012; Szlasa et al., 2021), damage to mitochondria (Batista Napotnik et al., 2012;
Nuccitelli et al., 2020), and disruption of calcium homeostasis by entry of Ca** from the
extracellular space or from intracellular stores (Frandsen et al., 2012; Semenov et al., 2013)
are also known effects of electroporation on cells. In addition, electroporation has been
reported to induce DNA damage (Meaking et al., 1995; Stacey et al., 2003; Zou et al., 2013)
and increase the amount of cisplatin bound to DNA (Cemazar et al., 1999; Ursic et al., 2018);
after electroporation with nanosecond pulses, nuclear envelope disintegration has also been
reported, which may facilitate cisplatin access to the DNA (Chen et al., 2004; Stacey et al.,
2011; Ren et al., 2013). Density functional theory calculations indicated that electric pulses
could alter the structure of cisplatin and thus enhance its anticancer properties (Zhang et al.,
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2020). However, it remains to be determined whether there is an interplay between the
aforementioned effects of electroporation and cisplatin that could be responsible for the
enhanced cytotoxicity of cisplatin in electroporated cells. One study points to the importance
of the increase in ROS after electrochemotherapy — Michel et al. (2018) observed an increase
in of the mitochondrial enzyme superoxide dismutase 2 (SOD2), which clears ROS in cells
subjected to electrochemotherapy with cisplatin.

Among the mentioned possible effects of electroporation that could increase the cytotoxicity
of cisplatin, only the influence of the high-voltage electric pulses on the structure of cisplatin
was investigated in our study. Spectra of cisplatin in deuterium oxide, 90% water and 10%
deuterium oxide solution, solution of deuterium oxide with 154 mM NaCl (corresponding to
saline) and 90% water and 10% deuterium oxide solution with 154 mM NaCl were recorded
by 'H nuclear magnetic resonance spectroscopy. Weak broadened peaks for hydrogen atoms
of amino ligands (NH3) were found at approximately 4.08 ppm in spectra and no new peaks
appeared in other regions of the spectra of cisplatin that was or was not exposed to high-
voltage twenty-five 400 ns pulses or eight 100 ps pulses. The only major difference was
observed in the spectrum of cisplatin recorded in deuterium oxide with 154 mM NaCl after
treatment with eight 100 pus pulses, where the broad peak for hydrogens of cisplatin
disappeared, probably due to the fast hydrogen-deuterium exchange of deuterium with
hydrogen atoms of NH3 ligands (Chen et al., 1999). However, when spectra of cisplatin were
recorded in 90% water and 10% deuterium oxide solution containing 154 mM NaCl (to
minimize the intensity of water signal to obtain a stronger signal of the NH3 ligand), no such
disappearance of the peak was observed. With high-resolution mass spectrometry, similar
fragments have been observed in cisplatin in water or saline that was or was not exposed to
high-voltage electric pulses. Overall, nuclear magnetic resonance spectroscopy and high-
resolution mass spectrometry showed that the structure of cisplatin remains comparable after
the application of electric pulses to its saline or water solution under the conditions used in
our experiments. Saline and water represented a simplified extracellular and intracellular
environment, respectively, because it was not possible to record spectra of cisplatin in the
growth medium DMEM in which the cell experiments were performed due to the presence
of many species that interfere with the signals of cisplatin. Other limitations of the study
were that, because of the limitations of the pulse generator used in this series of experiments,
the twenty-five 400 ns pulses were delivered at lower amplitudes than in the cell experiments
and that, because of the low conductivity of the load, the electric pulses delivered to water
had a significantly different shape than those delivered to saline or cells in growth medium
DMEM; they resembled an exponentially decaying rather than a rectangular pulse shape.
Nevertheless, we concluded that the observed increased susceptibility of electroporated
CHO cells to cisplatin was more probably a consequence of the effect of electroporation on
the cells rather than structural changes in cisplatin caused by high-voltage electric pulses.
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Overall, our results show that nanosecond pulses with properly chosen parameters are
suitable for use in electrochemotherapy. The use of equiefficient nanosecond pulses results
in the same decrease in cell survival and the same accumulation of cisplatin in the cells as
with the standard eight 100 ps pulses. We showed that electroporation with nanosecond
pulses increases the amount of cellular cisplatin and consequently enhances its cytotoxic
effect. However, the results in CHO cells suggest that other mechanisms besides the
increased intracellular accumulation of cisplatin are involved in the cell death induced by
electrochemotherapy with nanosecond pulses. The high-voltage electric pulses did not alter
the structure of cisplatin under the conditions tested.

3.2 CONCLUSIONS

In this in vitro study, we compared the eight 100 pus monophasic pulses standardly used in
electroporation-based applications with nanosecond and H-FIRE pulses, which have some
potential advantages over the standard pulses. After determining equiefficient pulses, the
different pulse waveforms were compared on several levels that are important for
electroporation-based applications: Extent of electrochemical reactions, time required for
cell membrane resealing after electroporation, decrease of cell survival, and intracellular
accumulation of chemotherapeutic agent after electrochemotherapy.

The main conclusions from our work can be summarized as follows:

1. We have shown in four different cell lines that the efficiency of H-FIRE pulses in
decreasing cell survival can be improved by extending the interphase and interpulse
delay of H-FIRE pulses while maintaining the same pulse amplitude and duration of
positive and negative phase. However, only one H-FIRE pulse protocol with the
longest interphase and interpulse delay tested decreased cell survival as effectively
as the standard eight 100 ps pulses in two cell lines.

2. To achieve high (i.e., > 99 %) cell membrane permeabilization with nanosecond
pulses, higher electric field strengths were required than for the eight 100 ps pulses.
For the nanosecond pulse protocols with the same number of pulses, higher electric
field strengths were required for shorter pulse durations to achieve high membrane
permeabilization. When comparing nanosecond pulses of the same duration, lower
electric field strengths were required to achieve high membrane permeabilization
when a greater number of pulses were used.

3. The amount of metal ions released from the electrodes varied greatly between the
aluminum, stainless steel and platinum electrodes — the absolute highest amount of
released metal ions was measured for the aluminum electrodes and the lowest for the
platinum electrodes.
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10.

11.

All H-FIRE pulses tested caused significantly lower metal release from aluminum
and stainless steel electrodes compared to the eight 100 us pulses with the same pulse
amplitude. However, for platinum electrodes, a statistically non-significantly lower
concentration of released platinum ions was measured for some H-FIRE pulse
protocols than for the eight 100 us pulses. Different durations of interphase and
interpulse delays in the H-FIRE pulse protocol resulted in significant differences in
the concentration of released metals from aluminum and stainless steel electrodes.
However, more platinum ions were measured after application of H-FIRE pulses
with 1 ps interphase delay and various other durations of interpulse delay than H-
FIRE pulses with interphase and interpulse delays of the same duration.

A significantly lower concentration of released aluminum ions was measured when
one of the nanosecond pulse protocols was delivered to the electroporation cuvettes
compared with the eight 100 us pulses. However, the metal release does not appear
to depend solely on the pulse duration, nor does the amount of metal ions released
appear to correlate well with the energy delivered to the cuvette.

We proved the hypothesis that equieffcieint H-FIRE or nanosecond pulses reduce
electrochemical reactions compared to the standard eight 100 ps pulses.

After electroporation with some of the nanosecond pulse protocols, the cell
membrane required a significantly longer time to reseal than after electroporation
with the eight 100 ps pulses.

The Click-1T Lipid Peroxidation Imaging Kit - Alexa Fluor 488 is not a suitable
method for detecting lipid peroxidation of CHO cells in the first hours after
electroporation. Therefore, we could neither confirm nor refute the hypothesis that
electroporation of cells with membrane-permeabilizing pulses of different
parameters causes comparable oxidation of cell components.

The use of equiefficient nanosecond pulses achieves the same decrease in cell
survival and the same cisplatin accumulation in cells as with the standard eight 100
us pulses.

In electrochemotherapy with bleomycin, the nanosecond pulses required the use of
higher extracellular concentrations of bleomycin to reduce survival of CHO cells to
the same extent as the eight 100 us pulses. In electrochemotherapy with cisplatin,
there were no differences in measured cell survival between nanosecond and eight
100 ps pulses at the same cisplatin concentration, with the sole exception of the one
200 ns pulse in B16F1 cells.

A higher total amount of platinum was measured in electroporated cells compared
with non-electroporated cells incubated with the same cisplatin concentration, with
the exception of the one 200 ns pulse in the CHO cell line, confirming the hypothesis
that intracellular accumulation of the chemotherapeutic drug caused by
electroporation enhances its cytotoxicity.
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12. A lower number of internalized cisplatin molecules per cell was required to decrease
the cell survival of electroporated CHO cells to the same extent as non-electroporated
CHO cells.

13. The structure of cisplatin remains comparable after the application of high-voltage
electric pulses to its water or saline solution under the conditions tested.
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4 SUMMARY (POVZETEK)

4.1 SUMMARY

Electroporation is the phenomenon of increased cell membrane permeabilization due to
exposure of cells/tissues to short high-voltage electric pulses which allows transmembrane
transport of otherwise impermeant molecules. Formation of pores in the lipid part of the
membrane, chemical changes in membrane lipids and modulation of protein structure and
function are all generally recognized as underlying mechanisms of this transient increase in
membrane permeability observed during electroporation.

The efficacy of electroporation depends on several biophysical parameters: cell parameters
defining cell geometry (cell shape and size) and their environment (osmotic pressure,
temperature, conductivity of the medium, ...), and electric field parameters (pulse shape,
electric field strength and direction, pulse/phase duration, interphase and interpulse delay,
number of pulses/bursts, pulse/burst repetition frequency, ...). In most cases, the efficacy of
electroporation can be controlled only by the parameters of the electric field and by the
geometry and placement of the electrodes. Similar electroporation outcomes can be obtained
using pulses of different parameters, i.e., equiefficient pulses. For example, using multiple
shorter pulses at higher electric field strengths gives the same outcome as measured after
electroporation with a longer pulse at a lower electric field strength.

The pulses used in electroporation have a wide range of parameters. Nanosecond and
recently also high-frequency biphasic pulses with a pulse duration of only a few
microseconds have attracted a great deal of research interest because they mitigate several
limitations that exist in conventional micro-millisecond range electroporation. Nanosecond
pulses have more profound effects on organelles than longer pulses of micro- and
millisecond duration, minimize the possibility of thermal damage, can induce apoptosis and
antitumor activity and their excitation thresholds appear to be higher than the electroporation
thresholds implying that their use could reduce pulse-induced neuromuscular stimulation,
which is an undesirable side effect in medical electroporation-based applications. High-
frequency biphasic pulses with pulse durations in the range of a few microseconds, known
by the acronym H-FIRE, have shown reduced muscle contractions and also appear to limit
the likelihood of interference with cardiac rhythm.

The electric field in electroporation procedures is established by delivering electric pulses
through electrodes in contact with the medium/tissue. Electrodes for electroporation
procedures are most often made of metal. When high-voltage electric pulses are delivered to
cells in suspension, tissue or other medium, electrochemical reactions occur at the electrode-
electrolyte interface. These electrochemical reactions lead to electrolysis of water, corrosion
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and fouling of the electrodes, generation of radicals, changes of pH, chemical changes in the
treated product, evolution of gas bubbles and release of metal ions from the electrodes. The
metal ions released from the electrodes during electroporation have various effects on the
treated cells and products: they can precipitate nucleic acids and proteins in solutions, affect
the taste of the treated food and affect the viability of the cells, to mention only few.

Electroporation is used in various applications including cell transfection/transformation,
extraction of biomolecules and juices, inactivation of microorganisms, biomass drying,
cryopreservation, cell fusion, tissue ablation and electrochemotherapy. Electrochemotherapy
is a local treatment of cancer that combines the use of membrane-permeabilizing high-
voltage electric pulses delivered to the tumor with some standard chemotherapeutic agents
with high intrinsic cytotoxicity for which the plasma membrane is a barrier to reach their
intracellular target. The electric pulses are according to standard operating procedures
delivered in trains of eight monophasic pulses of 100 ps duration with 1 Hz or 5 kHz pulse
repetition rate. The two most commonly used chemotherapeutic agents in
electrochemotherapy are bleomycin and cis-diamminedichloroplatinum (II) (cisplatin).
Several mechanisms of action have been identified; the dominant one is believed to be the
increased intracellular accumulation of the chemotherapeutic agent due to increased
permeability of the cell membrane caused by electroporation.

Numerous studies have demonstrated the efficacy, tolerability, and high patient satisfaction
with electrochemotherapy. However, some side effects have also been reported - the most
commonly reported are muscle contractions and unpleasant sensations (which can even be
painful), mainly attributed the stimulation of peripheral nerves by the electric pulses. To
overcome this limitation, new pulse protocols are being explored in electrochemotherapy,
including nanosecond pulses. Reports on the use of nanosecond pulses in
electrochemotherapy are promising: a decrease of cell survival has been observed in vitro
and tumor regression in vivo. However, from the previous studies it is not clear if nanosecond
pulses can be as effective as with the standard eight 100 us pulses in electrochemotherapy
and they did not explore the underlying mechanisms of action in electrochemotherapy with
nanosecond pulses.

This study was designed as a comprehensive in vitro research with the general aim of
comparing the standard eight 100 ps pulses with recently introduced pulse waveforms,
namely nanosecond and short high-frequency biphasic (H-FIRE) pulses.

The following hypotheses were tested in the study:
1. The application of monophasic nanosecond pulses or high-frequency biphasic
electric pulses with a few microseconds pulse duration in electroporation-based
technologies reduces electrochemical reactions, but cell membrane electroporation
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at equiefficient pulse parameters is equivalent to the classical eight 100 ps electric
pulses.

2. Electroporation of cells with pulses of different parameters that permeabilize the cell
membrane causes comparable oxidation of cellular components.

3. The combination of electroporation with nanosecond pulses and an anticancer active
ingredient enhances its effect due to increased intracellular accumulation of the
active ingredient.

In our study, we first measured cell membrane permeabilization and cell survival of different
cell lines after electroporation to empirically determine the pulse parameters of high-
frequency biphasic (H-FIRE) and nanosecond pulses that are equiefficient to the standard
eight 100 us pulses with 1 Hz repetition rate. For H-FIRE pulses, we delivered a burst of
400 biphasic rectangular pulses. One pulse was defined as consisting of the positive phase,
the interphase delay, and the negative phase. The duration of the positive phase was 1 us and
the duration of the negative phase was 1 us for all H-FIRE pulses, while the duration of the
interphase delay (i.e., the delay between the positive phase and the negative phase) and the
interpulse delay (i.e., the delay between pairs of biphasic pulses) were varied from 0.5 to
10,000 ps. All H-FIRE pulse protocols and the eight 100 pus pulses had the same amplitude
—to be able to determine the effects of delay, we chose an amplitude at which the differences
between the different pulse protocols were most pronounced. For membrane
permeabilization (measured by uptake of propidium iodide), an amplitude of 300 V
(corresponding to an electric field strength of 1.5 kV/cm) was chosen. For cell survival,
measured by metabolic MTS assay, a pulse amplitude of 500 V (resulting in an electric field
strength of 2.5 kV/cm) was chosen. Four different cell lines were tested: Chinese hamster
ovary CHO-K1, rat cardiac myoblast H9¢2, mouse myoblast C2C12, and mouse neuronal
cell line HT22. To elucidate nanosecond pulse protocols which are equiefficient to eight 100
us pulses, cell membrane permeabilization (defined as the percentage of YO-PRO-1-stained
cells) and cell survival (determined by the metabolic MTS assay) of CHO and mouse
melanoma B16F1 cells were measured after electroporation with the standard 100 ps pulses
lines at a pulse repetition rate of 1 Hz and nanosecond pulse protocols with different pulse
parameters at different electric field strengths. Nanosecond pulses with three different pulse
durations (200, 400, or 550 ns), three different numbers of pulses (1, 25, or 100 pulses), and
one pulse repetition rate (10 Hz) were studied on CHO cells, while only selected nanosecond
pulse protocols (namely one 200 pulse and twenty-five 400 ns pulses at a pulse repetition
rate of 10 Hz) were tested on B16F1 cells. From the survival-permeabilization curves, the
electric field strength that caused the highest cell membrane permeabilization without
decreasing cell survival was selected for each pulse protocol. These conditions (i.e., high
cell survival and high cell membrane permeabilization) were selected because they were
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optimal for electrochemotherapy and the pulse protocols were next to be tested in in vitro
electrochemotherapy experiments.

For H-FIRE pulses, we have shown in all four cell lines tested that by extending the
interphase and interpulse delay, lower cell survival can be achieved while maintaining the
same pulse amplitude and duration of positive and negative phase. Our results indicate that
the efficiency of H-FIRE pulses could be improved by extending the delays instead of
increasing the pulse amplitude. However, only the H-FIRE pulse protocol with an interphase
and interpulse delay of 10,000 ps decreased the cell survival as effectively as the standard
eight 100 ps pulses for the CHO and HT22 cell lines. The duration of the interphase and
interpulse delay had a more complex effect on membrane permeabilization, but all the H-
FIRE pulse protocols tested were less effective than the standard eight 100 ps pulses in terms
of cell membrane permeabilization in all four tested cell lines tested.

As expected, higher electric field strengths were required to achieve as high (i.e., > 99 %)
cell membrane permeabilization with nanosecond pulses than the eight 100 ps pulses.
Among nanosecond pulse protocols with the same number of pulses, shorter duration pulses
required higher electric field strengths to achieve high membrane permeabilization. When
comparing nanosecond pulses of the same duration, lower electric field strengths were
required to achieve high membrane permeabilization when a larger number of pulses was
used. For CHO cells, all pulse protocols tested permeabilized more than 99 % of the cells at
the selected optimal electric field strength, with the exception of one 200 ns pulse which
permeabilized around 85 % of the cell population at the highest electric field strength within
the safe operating range of the pulse generator used. In the case of the B16F1 cell line, cell
membrane permeabilization of less than 99 % was achieved with one nanosecond pulse of
200, 400 and also 550 ns pulse duration at the highest electric field strength, suggesting that
higher electric field strengths are required for permeabilization of B16F1 cells compared to
CHO cells when only one nanosecond pulse is used. This is contrary to what was observed
with the eight 100 ps pulses — lower electric field strength was required for these pulses to
permeabilize B16F1 cells than CHO cells.

Our study was the first to report metal release from electrodes after application of H-FIRE
and nanosecond pulses. The concentration of metal ions in saline was measured by
inductively coupled plasma mass spectrometry after delivery of H-FIRE pulses (as in the
cell experiments) and the standard eight 100 us pulses of the same amplitude to wire
electrodes of aluminum, stainless steel and platinum. Nanosecond pulses protocols and the
standard eight 100 us pulses with electric field strengths determined to be optimal for
electrochemotherapy of CHO cells were delivered to electroporation cuvettes (with
electrodes made of an aluminum alloy) filled with saline.
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The amount of metal ions released from the electrodes varied greatly between the three
electrode materials tested — the absolute highest amount of released metal ions was measured
for aluminum electrodes and the lowest for platinum electrodes. All of the H-FIRE pulses
tested caused significantly less metal release from aluminum and stainless steel electrodes
compared to the eight 100 ps pulses with the same pulse amplitude. However, in the case of
platinum electrodes, not statistically significant lower concentration of released platinum
ions was measured for some H-FIRE pulse protocols than for the eight 100 ps pulses. With
the exception of platinum, it could be concluded that it is possible to extend the delays in the
H-FIRE pulses to achieve an equivalent biological effect as with the standard eight 100 ps
pulses with still lowering the metal release from the electrodes. H-FIRE pulses appear to be
superior to the standard eight 100 ps in terms of limiting electrochemical reactions. Different
interphase and interpulse delays in the H-FIRE pulse protocol resulted in significant
differences in the concentration of released metals from aluminum and stainless steel
electrodes.

A significantly lower concentration of released aluminum ions was measured with any of
the nanosecond pulse protocols delivered to the electroporation cuvettes compared to the
eight 100 ps pulses. We demonstrated that shortening the pulse duration to a few hundred
nanosecond pulses reduced the amount of metal released from the electrodes, even when the
voltage and number of pulses were increased to achieve a comparable biological effect as
with longer duration pulses. Because metal release from electrodes is a subgroup of the
electrochemical reactions at the electrode-electrolyte interface, this argues for the use of
nanosecond pulses over microsecond pulses if the electrochemical reactions are to be kept
to a minimum. However, the metal release does not seem to depend only on the pulse
duration or the amount of energy delivered to the cuvette (estimated by multiplying the pulse
duration and the number of pulses by the measured amplitude of the voltage and the
measured amplitude of the electric current). Comparison of individual nanosecond pulses
with the same set amplitude and different pulse durations (200, 400 and 500 ns) shows that,
contrary to expectations, the highest concentration of aluminum ions was measured after
delivery of the shortest (i.e. 200 ns) pulse.

Chemical changes in membrane lipids, especially lipid peroxidation, could explain the
longer-lasting (compared to the pulse duration) increased permeability of cell membranes
after electroporation. In our study, cell membrane resealing in lipid peroxidation after
electroporation was measured to compare the time needed for cell membrane resealing with
the extent of lipid peroxidation and to determine if different pulse waveforms that
permeabilize the cell membrane to the same degree also result in a comparable extent of
lipid peroxidation of cell membrane lipids. Cell membrane resealing was measured for
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different nanosecond pulse protocols and the eight 100 us pulses at the electric field strength
determined to be optimal for electrochemotherapy in survival and permeabilization
experiments by adding YO-PRO-1 to CHO cells every 2 min from 2 to 26 min after
electroporation and measuring the percentage of YO-PRO-1-fluorescent cells (Vizintin et
al., 2021). The Click-iT Lipid Peroxidation Imaging Kit - Alexa Fluor 488 was used to
measure lipid peroxidation in CHO cells electroporated with twenty-five 400 ns pulses or
eight 100 us pulses at the electric field strength determined to be optimal for
electrochemotherapy.

The cell membrane resealed in less than 5 min after the application of eight 100 us pulses.
For some of the nanosecond pulse protocols, the time required for resealing of the cell
membrane was not significantly longer, but for the twenty-five 200 ns, twenty-five 400 ns,
twenty-five 550 ns, one hundred 550 ns pulses and one 400 ns and one 550 ns pulse, the
membrane required a significantly longer time (more than 10 min) for resealing. For lipid
peroxidation, statistically significant differences were measured only between the unstained
cells and all other samples and between the negative control and cells electroporated with
twenty-five 400 ns pulses, and contrary to expectations, the measured signal was lower for
the later. There was also a large variance between duplicates performed on the same day and
also between samples from different days. These results suggest that the Click-iT Lipid
Peroxidation Imaging Kit - Alexa Fluor 488 is not a suitable method for detecting lipid
peroxidation of CHO cells, at least in the first hours after electroporation. Therefore, we
could neither confirm nor refute the hypothesis that electroporation of cells with membrane-
permeabilizing pulses of different parameters causes comparable oxidation of cellular
components.

To evaluate nanosecond pulses for use in electrochemotherapy, many nanosecond pulse
protocols with different pulse parameters and the standard eight 100 ps pulses were screened
by measuring survival of CHO cells after in vitro electrochemotherapy with bleomycin or
cisplatin was measured using the metabolic MTS assay 72 hours after treatment. We used
nanosecond pulses with three different pulse durations (200, 400, or 550 ns) and three
different numbers of pulses (1, 25, or 100 pulses) at a pulse repetition rate of 10 Hz. at the
electric field strength previously determined to be optimal for each parameter or, in the case
of one 200 pulse, at the highest experimentally achievable electric field strength. For selected
pulse protocols (namely, one 200 ns pulse, twenty-five 400 ns pulses, and the eight 100 pus
pulses), cell survival after in vitro electrochemotherapy was also measured by the clonogenic
assay. Cell survival after in vitro electrochemotherapy with cisplatin was also measured for
the B16F1 cell line by the clonogenic assay for the one 200 ns pulse at the highest
experimentally achievable electric field strength and for twenty-five 400 ns pulses and the
eight 100 us pulses at the electric field strength previously determined to be optimal for this
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cell line. Since the increase of intracellular accumulation of the chemotherapeutic agent has
been identified as one of the main mechanisms of action of electrochemotherapy, and the
mechanisms of action of electrochemotherapy with nanosecond pulses have not yet been
explored, we tested in this study, whether the combination of permeabilizing electric pulses
(which alone do not decrease cell survival) and cisplatin leads to increased cellular cisplatin
accumulation (compared with non-electroporated cells) and whether the amount of cellular
cisplatin correlates with cell survival after electrochemotherapy. In addition, the effects of
the high-voltage electric pulses on the structure of cisplatin were investigated by nuclear
magnetic resonance spectroscopy and high-resolution mass spectrometry.

Electroporation alone (i.e., without bleomycin or cisplatin) did not decrease cell survival.
Within the range of bleomycin and cisplatin concentrations tested, a decrease in cell survival
of non-electroporated cells was observed only in CHO cells incubated with 50 pM cisplatin.
The combination of electroporation and bleomycin or cisplatin resulted in a decrease in cell
survival of both cell lines for all pulse protocols the tested, with the sole exception of the
one 200 ns pulse in B16F1 cells.

The smallest decrease in cell survival was measured with the MTS assay for CHO cells
electroporated with one 200 ns pulse at 12.6 kV/cm and bleomycin, and with the clonogenic
assay for B16F1 cells electroporated with the same pulse protocol and cisplatin. This is not
surprising because this pulse protocol permeabilized the cell membrane of only 85 % of
CHO cells and less than 50 % of B16F1 cells, which is suboptimal for electrochemotherapy.
More interestingly, however, despite the suboptimal cell membrane permeabilization, one
200 ns pulse was as effective in decreasing cell survival of CHO cells in
electrochemotherapy with cisplatin as the twenty-five 400 ns and eight 100 us pulses.

In cells subjected to the same treatment (i.e., same pulse protocol and same concentration of
bleomycin/cisplatin), the clonogenic assay measured lower cell survival than the MTS assay.
Cell survival measured with the MTS assay also reached a plateau at a certain bleomycin
concentration, i.e., with further increasing bleomycin concentration, the measured signal
only slightly decreased. In contrast, when cell survival after electrochemotherapy with
bleomycin was measured by the clonogenic assay, no such plateau was observed— cell
survival decreased with increasing bleomycin concentration. The different results of the two
assays are a consequence of differences in their underlying detection mechanisms.

In electrochemotherapy with bleomycin, the nanosecond pulses required the use of higher
extracellular concentrations of bleomycin to reduce the survival of CHO cells to the same
extent as the eight 100 us pulses, but even the highest bleomycin concentration used was still
significantly lower than the therapeutic doses used in electrochemotherapy treatments in
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clinical practice. Among the different nanosecond pulse protocols tested, three protocols
(namely, twenty-five 200 ns pulses, twenty-five 400 ns pulses and one hundred 550 ns
pulses) decreased cell survival of electroporated CHO cells at lower bleomycin
concentrations than other nanosecond pulse protocols tested. For these three pulse protocols
also the longest cell membrane resealing time after electroporation was observed. Since
bleomycin is a medium-sized molecule, our findings could be applied to other applications
based on reversible electroporation with nanosecond pulses aimed at introducing medium-
sized molecules (e.g., siRNA) into cells.

On the other hand, for electrochemotherapy with cisplatin, there were no differences in
measured cell survival between nanosecond and eight 100 ps pulses at the same cisplatin
concentration, again with the sole exception of the one 200 ns pulse in B16F1 cells, which
did not decrease the cell survival even at the highest cisplatin concentration tested. The
observed differences in measured cell survival after electrochemotherapy with nanosecond
pulses between bleomycin and cisplatin could be a consequence of the different molecular
size and mechanisms of action of the two drugs.

Total platinum was measured in cell pellets after electrochemotherapy by inductively
coupled plasma mass spectrometry, with the assumption that cisplatin most likely accounted
for most of the total platinum measured. This assumption is supported by the fact that the
amount of platinum measured in samples to which cisplatin was not added was 2 — 3 orders
of magnitude lower than in samples with cisplatin, or was even below the detection limit. In
cells exposed to the same pulse protocol and cisplatin concentration, a higher amount of
platinum was measured in CHO than in B16F1 cells. As expected, a higher total amount of
platinum was measured in electroporated cells compared with non-electroporated cells
incubated with the same concentration of cisplatin, except for the one 200 ns pulse in the
CHO cell line. These results suggest that intracellular accumulation of cisplatin is also
increased when nanosecond pulses are used for electrochemotherapy. There were no
statistically significant differences in cell survival and the amount of cellular platinum in
cells electroporated with twenty-five 400 ns and eight 100 ps pulses at the same cisplatin
concentration within the same cell line. Interestingly, although a lower amount of platinum
was measured in CHO cells electroporated with one 200 ns pulse than with twenty-five 400
ns and eight 100 pus pulses, the same decrease in cell survival was obtained with all three
pulse protocols.

The number of cisplatin molecules per cell was calculated from the measured platinum
content and correlated with cell survival after electrochemotherapy for each cell line. Cell
survival was measured to be lower for electroporated CHO cells than for non-electroporated
CHO cells at approximately the same number of cisplatin molecules per cell. This suggests
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a possible synergistic effect of electroporation and cisplatin in addition to the increased
cisplatin uptake due to pulse-induced membrane permeabilization. However, in B16F1 cells,
the number of cisplatin molecules per cell appears to correlate linearly with the logarithm of
cell survival — electroporation causes in increase in cisplatin uptake, but the results of cell
survival and the number of cisplatin molecules per cell for BI6F1 do not indicate a
synergistic effect of electroporation and cisplatin. However, there is only one experimental
point of the electroporated B16F1 cells that falls within the range of the number of molecules
of the non-electroporated cells. More data would therefore be required to determine whether
a lower number of internalized cisplatin molecules is also required in the case of B16F1 cells
to decrease cell survival in electroporated cells compared to non-electroporated cells.

Electroporation could affect the susceptibility of cells to cisplatin in several ways, e.g. by
generation of ROS, disruption of intracellular Ca** homeostasis or by improving the
anticancer properties of cisplatin by modifying the structure of the molecule. Of the possible
effects of electroporation on the increase of cytotoxicity of cisplatin, only the impact of the
high-voltage electric pulses on the structure of cisplatin was investigated in our study.
Nuclear magnetic resonance spectroscopy and high-resolution mass spectrometry revealed
that the structure of cisplatin remains comparable after the application of electric pulses in
either saline or water under the conditions used in our experiments.

Overall, our results demonstrate that nanosecond pulses with properly selected parameters
are suitable for use in electrochemotherapy. The use of equiefficient nanosecond pulses
results in the same cisplatin decrease in cell survival and the same accumulation of cisplatin
in the cells as with the standard eight 100 ps pulses. We thus confirmed the hypothesis that
electroporation with nanosecond pulses increases the amount of cellular cisplatin and
consequently enhances its cytotoxic effect. However, the results in CHO cells suggest that
other mechanisms beside the increased intracellular accumulation of cisplatin are involved
in the cell death induced by electrochemotherapy with nanosecond pulses.

To summarize, we confirmed our first hypothesis that H-FIRE and nanosecond pulses limit
electrochemical reactions also when the pulse parameters are adjusted to achieve the same
biological effect as with longer monophasic pulses. We could neither confirm nor refute our
second hypothesis that electroporation of cells with membrane-permeabilizing pulses of
different parameters causes comparable oxidation of cellular components because the Click-
1T Lipid Peroxidation Imaging Kit - Alexa Fluor 488 proved to not be a suitable method for
detecting lipid peroxidation within the first hours after electroporation. We confirmed our
third hypothesis that electroporation with nanosecond pulses increases the amount of the
chemotherapeutic agent inside cell and consequently enhances its cytotoxic effect.
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4.2 POVZETEK

Elektroporacija je pojav povecanja prepustnosti celicne membrane zaradi izpostavitve
celice/tkiva elektri¢cnemu polju, kar omogoci transport molekul preko membrane, tudi tistih
za katere je celicna membrana obicajno neprepustna. Splosno sprejeta razlaga pojava
elektroporacije temelji na nastanku vodnih por v lipidnem dvosloju kot glavnemu
mehanizmu. Vendar se v simulacijah molekularne dinamike vodne pore zaprejo v nekaj
deset do nekaj sto nanosekundah po prenehanju delovanja zunanjega elektri¢nega polja, v
poskusih pa je povecana prepustnost celicne membrane opazena $e nekaj minut in celo ur po
tem, ko elektricno polje ni ve¢ prisotno. Vse ve¢ dokazov kaze na pomembno vlogo
oksidacije membranskih lipidov in modulacijo strukture in funkcije proteinov zaradi vpliva
elektri¢nih pulzov pri elektroporaciji.

Elektroporacija povzro¢i vdor Ca®" v citoplazmo iz zunajceli¢nega prostora in iz notranjih
zalog, odtekanje ATP in K" iz celice, depolarizacijo, osmotsko neravnovesje in nabrekanje
celice, sproscanje s poSkodbami povezanih molekularnih vzorcev (angl. damage-associated
molecular pattern, DAMP), aktivacijo razli¢nih signalnih poti, spremembe v izrazanju genov
in sintezi proteinov, aktivacijo razlicnih popravljanih mehanizmom in lahko vodi v celi¢no
smrt. Vse spremembe v celici in celi¢éni membrani kot tudi vse poznejse procese, povezane
z elektroporacijo, ki so aktivni tudi, ko povecane prepustnosti celicne membrane ni vec
opaziti, imenujemo elektropermeom.

V Studijah in vitro je uc€inkovitost elektroporacije obi¢ajno izrazena bodisi z odstotkom
elektroporiranih celic, s privzemom dolocene molekule v elektroporirane celice ali s
prezivetjem celic. Na ucinkovitost elektroporacije vpliva veC biofizikalnih parametrov:
geometrija celice (oblika in velikost celice), okoljski parametri (osmotski tlak, temperatura,
prevodnost medija, ...) in parametri elektricnega polja (oblika pulza, elektricna poljska
jakost in smer, Cas trajanja pulza/faze, pavza med pulzi, Stevilo pulzov, ponavljalna
frekvenca, ...). V vecini primerov lahko na ucinkovitost elektroporacije vplivamo le s
parametri elektricnega polja ter z geometrijo in postavitvijo elektrod. Podobne rezultate
elektroporacije je mogoCe doseCi z uporabo pulzov razli¢nih parametrov, t.i. enako
ucinkovitimi pulzi. Na primer, z uporabo vec krajsih pulzov pri vi§ji elektriéni poljski jakosti
lahko dosezemo enak rezultat kot z enim dalj$im pulzom pri nizji elektri¢ni poljski jakosti.
Vendar iskanje kombinacije pulznih parametrov, ki vodijo v enako ucinkovite pulze, ni
enostavno — zanaSanje na preproste povezave med pulznimi parametri, kot je npr. uporaba
pulzov z enako energijo ali skupnim ¢asom trajanja, se je izkazalo za neustrezno.

Pulzi, ki se uporabljajo pri elektroporaciji, imajo Sirok razpon parametrov. V zadnjem casu
so nanosekundni in visokofrekvenéni bipolarni pulzi s Casom trajanja pulza le nekaj
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mikrosekund pritegnili veliko raziskovalnega zanimanja, ker omogocajo premostitev
dolocenih omejitve, ki se pojavljajo pri obicajni elektroporaciji s pulzi s Casi trajanja v
obmoc¢ju mikro- in milisekund. Vpliv nanosekundnih pulzov prodre globlje v celicno
notranjost, saj imajo za razliko od mikro- in milisekundnih pulzov neposredne ucinke tudi
na organele, ne le na celicno membrano. Poleg tega so prednosti nanosekundnih pulzov tudi
zmanjSanje moznosti pojava toplotnih poSkodb, zmoznost sprozitve apoptoze in
protitumorska aktivnost, njihovi pragovi vzbujanja nevronov pa naj bi bili vi§ji od pragov
elektroporacije, kar pomeni, da njihova uporaba lahko zmanjSa zivéno-misi¢no vzdrazenje,
ki je nezelen stranski ucinek na elektroporaciji temeljecih medicinskih aplikacij. Za
visokofrekvencne bipolarne pulze s trajanjem pulza v obmoc¢ju nekaj mikrosekund, znanimi
pod akronimom H-FIRE, pa so pokazali, da zmanjSujejo miSi¢no kréenje ter verjetno tudi
zmanjSujejo verjetnost pojava motenj v delovanju srca ob dovajanju pulzov.

Elektri¢no polje se pri postopkih elektroporacije vzpostavi z dovajanjem elektri¢nih pulzov
prek elektrod, ki so v stiku z medijem/tkivom. Elektrode so najpogosteje kovinske. Ob
dovajanju visokonapetostnih elektri¢nih pulzov pa prihaja do elektrokemijskih reakcij na
stiku elektrode in elektrolita. Te elektrokemijske reakcije med drugim vodijo do elektrolize
vode in nastajanja plinskih mehurckov, korozije elektrod, nastanka radikalov, sprememb pH
in sprosc¢anja kovinskih ionov z elektrod. Kovinski ioni, ki se sprosc¢ajo z elektrod med
elektroporacijo, lahko med drugim oborijo nukleinske kisline in proteine v raztopinah,
spremenijo okus hrane in vplivajo na prezivetje celic. Eksperimenti nakazujejo, da je
mogoce zmanjSati elektrokemijske reakcije z uporabo pulzov s krajSim ¢asom trajanja in/ali
bipolarnih pulzov.

Elektroporacija se uporablja na Stevilnih podrocjih vkljuéno s transfekcijo celic in
transformacijo bakterij, ekstrakcijo biomolekul in sokov, inaktivacijo mikroorganizmov,
suSenjem biomase, krioprezervacijo, fuzijo celic, ablacijo tkiv in elektrokemoterapijo.
Elektrokemoterapija je lokalno zdravljenje raka, ki zdruzuje uporabo visokonapetostnih
elektricnih pulzov, ki zafasno povecajo prepustnost celicne membrane, s standardnim
kemoterapevtikom z visoko intrinzi¢no citotoksic¢nostjo, za katerega celi¢na membrana sicer
prestavlja oviro za vstop v celice. Elektricni pulzi se obi¢ajno dovajajo v nizu osmih
monopolarnih pulzov s ¢asom trajanja 100 ps in s ponavljalno frekvenco 1 Hz ali 5 kHz.
Dva najpogostejSa kemoterapevtika v elektrokemoterapiji sta bleomicin in cisplatin.
Prepoznanih je bilo ve¢ mehanizmov delovanja elektrokemoterapije, prevladujoci pa je
povecCano znotrajcelicno kopicenje kemoterapevtika kot posledica povecane prepustnosti
celiéne membrane zaradi elektroporacije.

V Stevilnih Studijah so pokazali u¢inkovitost, dobro sprejemljivost in veliko zadovoljstvo
bolnikov z elektrokemoterapijo. Omenjeni pa so bili tudi nezeleni u¢inki — najpogosteje
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miSi¢ne kontrakcije in neprijetni (lahko celo boleci) obcutki, ki so posledica vzdrazenja
perifernih zivcev z elektricnimi pulzi. Za premagovanje te omejitve raziskujejo moznost
uporabe drugacnih pulzov v elektrokemoterapiji, vklju¢no z H-FIRE in nanosekundnimi
pulzi. Porocila o uporabi nanosekundnih pulzov v elektrokemoterapiji so obetavna: in vitro
so raziskovalci in raziskovalke opazili zmanjSanje prezivetja celic, in vivo pa regresijo
tumorja. Vendar pa v teh Studijah niso celovito raziskali u¢inkov razliénih parametrov
nanosekundnih pulzov, zato ni jasno, kateri so optimalni parametri nanosekundnih pulzov
za uporabo v elektrokemoterapiji. Iz predhodnih raziskav tudi ni jasno, ali so nanosekundni
pulzi enako ucinkoviti kot standardni osem 100 ps pulzov v elektrokemoterapiji in ali so
mehanizmi delovanja v elektrokemoterapiji z nanosekundimi pulzi enaki kot pri
konvencionalni elektrokemoterapiji z osmimi 100 ps pulzi.

V okviru doktorske disertacije smo zasnovali obsezno in vitro raziskavo s splosnim ciljem
primerjave osmih 100 pus pulzov, ki se standardno uporabljajo v aplikacijah, ki temeljijo na
elektroporaciji, z novejSimi oblikami pulzov (in sicer z nanosekundnimi in kratkimi
visokofrekven¢nimi bipolarnimi (H-FIRE) pulzi) na razliénih ravneh, pomembnih za
aplikacije, ki temeljijo na elektroporaciji.

V $tudiji smo preizkusali sledece hipoteze:

1. Pri uporabi monopolarnih nanosekundnih ali bipolarnih visokofrekvenc¢nih
elektriénih pulzov s Casom trajanja nekaj mikrosekund v elektroporacijskih
postopkih so spremljajoCe elektrokemijske reakcije zmanjSane, elektroporacija
celicne membrane pa je enakovredna klasi¢énim osmim 100 ps pulzom.

2. Elektroporacija celic z elektricnimi pulzi z razlicnimi parametri, ki povecajo
prepustnost celicne membrane, povzroci primerljivo oksidacijo celicnih komponent.

3. Elektroporacija z nanosekundnimi pulzi v kombinaciji s protirakavo zdravilno
u¢inkovino vodi do njene poveCane ulinkovitosti zaradi poveCanega
znotrajcelicnega kopicenja zdravilne u¢inkovine.

Na stirih celi¢nih linijah, ki smo jih uporabljali v Studiji (ovarijske celice kitajskega hrcka
CHO, podganji kardiomioblasti H9c2, misji mioblasti C2C12 in misji nevroni HT22), smo
pokazali, da je mogoce pri enaki amplitudi in ¢asu trajanja pozitivne in negativne faze pulzov
H-FIRE s podaljSanjem pavze med fazami in/ali podaljSanjem pavze med pari bipolarnih
pulzov dosec¢i manjSe prezivetje celic. Nasi rezultati kazejo, da bi lahko ucinkovitost pulzov
H-FIRE izboljsali s podaljSanjem pavze namesto pove¢anjem amplitude pulza. Vendar pa je
le pulzni protokol s pavzo med pozitivno in negativno fazo ter pavzo med pari bipolarnih
pulzov v casu trajanja 10.000 pus zmanjsal celicno prezivetje enako ucinkovito kot
standardnih osem 100 ps pulzov na celi¢nih linijjah CHO in HT22. U¢inek c¢asa trajanja
pavze med pozitivho in negativho fazo ter pavze med pari bipolarnih pulzov na
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permeabilizacijo membrane je bil bolj kompleksen kot na prezivetje, vendar je bilo skupno
vsem preizkuSenim pulznim protokolom H-FIRE to, da so bili manj ucinkoviti od
standardnih osmih 100 pus pulzov v smislu permeabilizacije celicne membrane v vseh §tirih
testiranih celi¢nih linijah.

Za dosego visoke (tj. > 99 %) permeabilizacije celicne membrane z nanosekundnimi pulzi
so bile potrebne visje elektri¢ne poljske jakosti kot z osmimi 100 ps pulzi. Med protokoli
nanosekundnih pulzov z enakim Stevilom pulzov smo morali za krajSe pulze uporabiti visje
elektricne poljske jakosti, da smo dosegli visoko permeabilizacijo membrane. Primerjava
nanosekundnih pulzov z enakim ¢asom trajanja je pokazala, da so protokoli z vecjim
Stevilom pulzov dosegli visoko permeabilizacijo membrane pri nizjih elektri¢nih poljskih
jakosti kot protokoli z manjSim S$tevilom pulzov. Na celicah CHO smo z vsemi
preizkusenimi pulznimi protokoli dosegli ve¢ kot 99 % permeabilizacijo celic, z izjemo
elektriéni poljski jakosti znotraj varnega obmocja delovanja uporabljenega pulznega
generatorja. Za celi¢no linijo miSjega melanoma B16F1 nismo dosegli ve¢ kot 99 %
permeabilizacije celicne membrane kadar smo uporabili en nanosekundni pulz s ¢asom
nakazuje, da so pri uporabi enega samega nanosekundnega pulza potrebne visje elektri¢ne
poljske jakosti za doseganje istega odstotka permeabilizacijo celic BI6F1 v primerjavi s
celicami CHO. To pa je v nasprotju s tem, kar smo opazili pri osmih 100 ps pulzih — pri teh
je bila potrebna nizja elektricna poljska jakost za permeabilizacijo enakega odstotka celic
B16F1 kot CHO.

Nasa Studija je bila prva v kateri smo dolocili spros¢anje kovin z elektrod po uporabi H-
FIRE in nanosekundnih pulzov. Koncentracijo kovinskih ionov v fizioloski raztopini smo
izmerili z masno spektrometrijo z induktivno sklopljeno plazmo po dovajanju pulzov H-
FIRE (s parametri kot v celicnih poskusih) in standardnih osmih 100 ps pulzov enake
amplitude na ZziCnate elektrode iz aluminija, nerjavecega jekla in platine potopljene v
fizioloSko raztopino. Nanosekundne pulze in standardnih osem 100 us pulzov z jakostmi
elektri¢nega polja, ki smo jih dolo¢ili kot optimalne za elektrokemoterapijo celic CHO, pa
smo dovajali v kivete za elektroporacijo (z elektrodami iz aluminijeve zlitine), v katerih je
bila fizioloSka raztopina.

Koli¢ina kovinskih ionov, spros¢enih z elektrod, se je moc¢no razlikovala med tremi
testiranimi materiali elektrod — absolutno najvecjo koli¢ino sproscenih kovinskih ionov smo
izmerili za aluminijaste elektrode, najmanjSo pa za platinaste elektrode. Vsi preizkuSeni
pulzi H-FIRE so povzrocili bistveno manj spros€anja kovin z elektrod iz aluminija in
nerjavecega jekla v primerjavi z osmimi 100 ps pulzi z enako amplitudo. Vendar pa je bila
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v primeru platinastih elektrod za nekatere protokole pulzov H-FIRE izmerjena statisticno ne
znacilno nizja koncentracija sprosc¢enih ionov platine kot za osem 100 ps pulzov. Z izjemo
platine lahko zaklju¢imo, da je s podaljSanjem c¢asa trajanja pavz pulzov H-FIRE mogoce
doseci enakovredni bioloski uc¢inek kot s standardnimi osmimi 100 ps pulzi ob nizji koli¢ini
spros€anja kovinskih ionov z elektrod. To nakazuje, da so pulzi H-FIRE boljsi od
standardnih osmih 100 ps pulzov v smislu omejevanja elektrokemijskih reakcij. Razli¢ni
Casi trajanja pavze med pozitivno in negativno fazo ter pavze med pari bipolarnih pulzov v
pulzih H-FIRE so povzrocili statisti¢no znacilne razlike v koncentraciji sproscenih kovinskih
ionov z elektrod iz aluminija in nerjavecega jekla. Vendar je bilo po uporabi pulzov H-FIRE
z 1 us pavzo med pozitivno in negativno fazo in razlicnimi ¢asi trajanja pavze med pari
bipolarnih pulzov izmerjenih ve¢ ionov platine kot pri pulzih H-FIRE, ki so imeli pavzo med
pozitivno in negativno fazo ter pavzo med pari bipolarnih pulzov z enakim ¢asom trajanja.
Nasa Studija ni mogla pojasniti teh razlik. Za razumevanje ucinkov casa trajanja pavze v
pulzih H-FIRE na spros¢anje kovin iz platinastih elektrod bi bile potrebne nadaljnje
raziskave.

Po dovajanju nanosekundnih pulzov v kivete za elektroporacijo smo izmerili znatno nizjo
koncentracijo spros$¢enih aluminijevih ionov kot po dovajanju osmih 100 ps pulzov.
Dokazali smo, da skrajSanje Casa trajanja pulza na nekaj sto nanosekund zmanjsa koli¢ino
kovinskih ionov, ki se sprostijo z elektrod ob elektroporaciji, tudi ob povecanju amplitude
in/ali Stevila pulzov za dosego ekvivalentnega bioloskega ucinka kot pri daljsih pulzih. Ker
je sproscanje kovin z elektrod podskupina elektrokemijskih reakcij, ki se dogajajo na
elektrodi, ti izsledki govorijo v prid uporabi nanosekundnih namesto mikrosekundnih
pulzov, kadar je cilj ohranjati intenzivnost elektrokemijskih reakcij na minimumu. Vendar
se zdi, da sproscanje kovinskih ionov ni odvisno le od €asa trajanja pulza ali energije, ki je
bila z elektricnimi pulzi dovedena v kiveto (ocenjeno kot zmnoZek Casa trajanja pulza,
Stevila pulzov, izmerjene napetosti in izmerjenega elektricnega toka) — primerjava
posameznih nanosekundnih pulzov z enako amplitudo in razli¢nimi ¢asi trajanja pulza (200,
400 ali 500 ns) pokaze, da smo v nasprotju s pric¢akovanji najve¢jo koncentracijo
aluminijevih ionov izmerili po dovajanju najkrajSega (tj. 200 ns) pulza.

Kemijske spremembe membranskih lipidov, zlasti lipidna peroksidacija, bi lahko pojasnile
dolgotrajnejSo (v primerjavi s trajanjem pulza) povecano prepustnost celiénith membran
izmerjeno po elektroporaciji. V nasi Studiji smo izmerili €as potreben za zaceljenje
membrane in peroksidacijo lipidov po elektroporaciji, da bi primerjali Cas, potreben za
zaceljenje, z obsegom peroksidacije lipidov in ugotovili, ali razlicne oblike pulzov, ki enako
ucinkovito permeabilizirajo celicno membrano, povzrocijo tudi primerljivo peroksidacijo
lipidov celi€éne membrane.
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Cas za zaceljenje celi¢ne membrane celic CHO smo izmerili po dovajanju razli¢nih
nanosekundnih pulznih protokolov in osmih 100 ps pulzov pri elektri¢ni poljski jakosti, ki
je bila dolocena za optimalno za elektrokemoterapijo, z dodajanjem YO-PRO-1 celicam
CHO vsaki 2 minuti od 2 do 26 minut po elektroporaciji in merjenjem odstotka celic, ki
fluorescirajo YO-PRO-1. Celi¢na membrana se je zacelila v manj kot 5 min, kadar so bile
celice elektroporirane z osmimi 100 ps pulzi. Za ve¢ino nanosekundnih pulznih protokolov
izmerjeni Cas, potreben za zaceljenje celicne membrane, ni bil bistveno daljsi. Toda v
primeru elektroporacije s petindvajsetimi 200 ns pulzi, petindvajsetimi 400 ns pulzi,
petindvajsetimi 550 ns pulzi, stotimi 550 ns pulzi, enem 400 ns pulzu in enem 550 ns pulzu
pa je membrana za zaceljenje potrebovala bistveno daljsi ¢as (ve€ kot 10 min).

Lipidno peroksidacijo v celicah CHO, elektroporiranih s petindvajsetimi 400 ns pulzi ali
osmimi 100 ps pulzi pri elektriéni poljski jakosti, ki je bila doloCena kot optimalna za
elektrokemoterapijo, smo izmerili s kitom Click-iT Lipid Peroxidation Imaging Kit - Alexa
Fluor 488. Statisticno znacilne razlike smo izmerili le med neobarvanimi celicami in vsemi
ostalimi vzorci ter med negativno kontrolo in celicami, elektroporiranimi s petindvajsetimi
400 ns pulzi, pri ¢emer je bil v nasprotju s pri¢akovanji izmerjeni signal pri slednjih nizji.
Opazili smo tudi velike razlike v izmerjenih signalih med duplikati, izvedenimi istega dne,
in tudi med vzorci iz razli¢nih dni. Ti rezultati kazejo, da Click-iT Lipid Peroxidation
Imaging Kit - Alexa Fluor 488 ni primerna metoda za merjenje lipidne peroksidacije celic
CHO, vsaj ne v prvih urah po elektroporaciji. Zato nismo mogli niti potrditi niti ovreci
hipoteze, da elektroporacija celic z razlicnimi pulzi, ki priblizno enako ucinkovito
permeabilizirajo celicno membrano, povzroci primerljivo oksidacijo celi¢nih komponent.

Za ovrednotenje ucinkovitosti nanosekundnih pulzov v elektrokemoterapiji smo izmerili
prezivetje celic CHO s presnovnim testom MTS po in vitro elektrokemoterapiji z
bleomicinom ali cisplatinom 72 ur po eksperimentu. Preizkusili smo ve¢ nanosekundnih
pulznih protokolov — spreminjali smo ¢as trajanja pulzov (200, 400 ali 550 ns) in Stevilo
pulzov (1, 25 ali 100 pulzov), ponavljalna frekvenca pa je bila 10 Hz — in standardnih osem
100 ps pulzov pri elektriéni poljski jakosti, ki je bila predhodno dolo¢ena kot optimalna za
elektri¢ni poljski jakosti. Za izbrane pulzne protokole (in sicer en 200 ns pulz, petindvajset
400 ns pulzov in osem 100 ps pulzov) smo celicno prezivetje po in vitro elektrokemoterapiji
izmerili tudi s testom klonogenosti. Prezivetje celic po in vitro elektrokemoterapiji s
cisplatinom je bilo izmerjeno tudi za celi¢no linijo B16F1 s testom klonogenosti za en 200
400 ns pulzov in osem 100 ps pulzov pri elektriéni poljski jakosti, za katero je bilo
predhodno ugotovljeno, da je optimalna za posamezni pulzni protokol za to celi¢no linijo.
Ker mehanizmi delovanja elektrokemoterapije z nanosekundnimi pulzi Se niso raziskani,
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povecanje znotrajceli¢nega kopicenja kemoterapevtika pa v sploSnem velja za enega glavnih
mehanizmov delovanja konvencionalne elektrokemoterapije z mikrosekundimi pulzi, smo v
tej Studiji preizkusili, ali kombinacija permeabilizirajocih elektricnih pulzov (ki sami ne
zmanj$ajo celicnega prezivetja) in cisplatina vodi do povecanega kopicenja cisplatina v
celicah (v primerjavi z neelektroporiranimi celicami) in ali koli¢ina celicnega cisplatina
korelira s celicnim prezivetjem po elektrokemoterapiji.

Sama elektroporacija (tj. v odsotnosti bleomicina ali cisplatina) ni zmanjsala celi¢nega
prezivetja. Znotraj razpona preizkusenih koncentracij bleomicina in cisplatina smo opazili
zmanj$anje celicnega prezivetja neelektroporiranih celic samo pri celicah CHO inkubiranih
s 50 uM cisplatinom. Kombinacija elektroporacije in bleomicina ali cisplatina je povzrocila
zmanjSanje celi¢nega prezivetja obeh celi¢nih linij za vse preizkuSene pulzne protokole, z
edino izjemo enega 200 ns pulza v celicah B16F1.

Najmanj$e zmanjSanje prezivetja celic je bilo izmerjeno s testom MTS za celice CHO,
elektroporirane z enim 200 ns pulzom pri 12,6 kV/ecm in bleomicinom, ter s testom
klonogenosti za celice B16F1, elektroporirane z istim pulznim protokolom in cisplatinom.
To ni presenetljivo, saj je ta pulzni protokol permeabiliziral celiéno membrano le 85 % celic
CHO in manj kot 50 % celic B16F1, kar je suboptimalno za elektrokemoterapijo. Se bolj
zanimivo pa je, da je bil kljub suboptimalni permeabilizaciji celiéne membrane en 200 ns
pulz enako ucinkovit pri zmanjSevanju celi¢nega prezivetja celic CHO v elektrokemoterapiji
s cisplatinom kot petindvajset 400 ns in osem 100 ps pulzov.

Pri celicah, ki so bile podvrZene enakim pogojem (tj. enakemu pulznemu protokolu in enaki
koncentracija bleomicina/cisplatina), smo s testom klonogenosti izmerili niZje celi¢no
prezivetje kot s testom MTS. Celi¢no prezivetje, izmerjeno s testom MTS, je pri dolo¢eni
koncentraciji bleomicina doseglo plato, tj. z nadaljnjim narasCanjem koncentracije
bleomicina se je izmerjeno prezivetje le rahlo (¢e sploh) zmanjSevalo. Pri celicnem
prezivetju, izmerjenim s testom klonogenosti, pa takega platoja nismo opazili — preZivetje
celic se je z naras¢ajoCo koncentracijo bleomicina zmanjSevalo. Razlicni rezultati obeh
testov so posledica razlik v njunem nacinu delovanja.

Pri elektrokemoterapiji z bleomicinom smo morali z nanosekundnimi pulzi uporabiti visjo
zunajcelicnih koncentracijo bleomicina za zmanjSanje prezivetja celic CHO v enakem
obsegu kot z osmimi 100 ps pulzi, vendar je bila tudi najvisja uporabljena koncentracija
bleomicina Se vedno znatno niZja od terapevtskega odmerka, ki se uporablja pri
elektrokemoterapiji v klinicni praksi. Med razli€énimi preizkuSenimi nanosekundnimi
pulznimi protokoli so trije protokoli (in sicer petindvajset 200 ns pulzov, petindvajset 400
ns pulzov in sto 550 ns pulzov) zmanjSali celi€no preZivetje elektroporiranih celic CHO pri
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obcutno nizjih koncentracijah bleomicina kot drugi nanosekundni pulzni protokoli.
Zanimivo je, da smo pri teh treh pulznih protokolih izmerili tudi najdaljSi ¢as zaceljenja
celicne membrane po elektroporaciji. Ker je bleomicin srednje velika molekula, bi nase
ugotovitve lahko bile uporabne tudi za druge aplikacije, ki temeljijo na reverzibilni
elektroporaciji z nanosekundnimi pulzi, s ciljem privzema srednje velikih molekul (npr.
siRNA) v celice.

Po drugi strani pa pri elektrokemoterapiji s cisplatinom nismo izmerili razlik v celicnem
prezivetju po elektroporaciji z nanosekundnimi ali osmimi 100 ps pulzi pri isti koncentraciji
cisplatina, spet z edino izjemo enega 200 ns pulza pri celicah B16F1, ki ni zmanjsal
izmerjenem celicnem prezivetju po elektrokemoterapiji z nanosekundnimi pulzi med
bleomicinom in cisplatinom bi lahko bile posledica razlicne velikosti molekul in
mehanizmov delovanja obeh kemoterapevtikov.

Z masno spektrometrijo z induktivno sklopljeno plazmo smo izmerili celokupno koli¢ino
platine v celi¢nih peletih po elektrokemoterapiji s predpostavko, da cisplatin najverjetneje
predstavlja ve€ino izmerjene platine. To predpostavko podpira dejstvo, da je bila koli¢ina
platine, izmerjena v vzorcih, ki jim cisplatin ni bil dodan, za 2 — 3 velikostne rede nizja kot
v vzorcih s cisplatinom ali celo pod mejo detekcije. V celicah, ki so bile izpostavljene
enakemu pulznemu protokolu in enaki koncentraciji cisplatina, smo za celi¢no linijo CHO
izmerili vecjo koli€ino platine kot v celicah B16F1. V elektroporiranih celicah smo izmerili
vecjo celokupno koli¢ino platine v primerjavi z neelektroporiranimi celicami, ki so bile
inkubirane z enako koncentracijo cisplatina, razen v primeru enega 200 ns pulza za celi¢no
linijo CHO. Ti rezultati kazejo, da se znotrajceli¢no kopicenje cisplatina poveca tudi, ko se
za elektrokemoterapijo uporabljajo nanosekundni pulzi. V celicah elektroporiranih s
petindvajsetimi 400 ns in osmimi 100 ps pulzi pri isti koncentraciji cisplatina znotraj iste
celi¢ne linije ni bilo statisti¢no znacilnih razlik v preZivetju celic in koli¢ini platine v celicah.
Zanimivo pa je, da Ceprav je bila v celicah CHO, elektroporiranih z enim 200 ns pulzom,
izmerjena manjsa koli¢ina platine kot s petindvajsetimi 400 ns pulzi in osmimi 100 ps pulzi,
je bila z vsemi tremi pulznimi protokoli dosezena enaka stopnja zmanjSanja celi¢nega
prezivetja.

Iz izmerjene koli¢ine platine smo izra¢unali Stevilo molekul cisplatina na celico in te podatke
korelirali s prezivetjem celic po elektrokemoterapiji za vsako celi¢no linijo posebej. Pri
priblizno enakem Stevilu molekul cisplatina na celico je bilo celi¢no prezivetje niZje pri
elektroporiranih celicah CHO kot pri neelektroporiranih celicah CHO. To kaZe na moZen
sinergisti¢ni ucinek elektroporacije in cisplatina. Vendar pa rezultati celi¢nega preZivetja in
Stevila molekul cisplatina na celico za B16F1 ne nakazujejo na sinergistiéni ucinek
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elektroporacije in cisplatina. Za celice B16F1 je Stevilo molekul cisplatina linearno
koreliralo z logaritmom celi¢nega prezivetja. Vendar pa smo imeli pri celicah B16F1 le eno
eksperimentalno tocko, pri kateri je bilo Stevilo molekul cisplatina na celico znotraj intervala
Stevila molekul v neelektroporiranih celicah, zato bi potrebovali Se ve¢ podatkov, kjer bi bilo
Stevilo molekul cisplatina na celico pri elektroporiranih in neelektroporiranih celicah znotraj
istega intervala, da bi lahko ugotovili ali je tudi v primeru celic BI6F1 potrebno manjse
Stevilo molekul cisplatina na celico v elektroporiranih celicah v primerjavi z
neelektroporiranimi za doseganje isti ravni zmanjsanja celicnega prezivetja.

Elektroporacija lahko na ve¢ nadinov vpliva na obcutljivost celic za cisplatin, npr. preko
nastanka reaktivnih kisikovih zvrsti, motnjami znotrajceli¢ne homeostaze Ca** ali z
izboljSanjem protirakavih lastnosti cisplatina zaradi spremembe strukture molekule. Od
moznih u¢inkov elektroporacije na povecanje citotoksi¢nosti cisplatina smo v nasi raziskavi
raziskovali le vpliv visokonapetostnih elektri¢nih pulzov na strukturo cisplatina. Z 'H
jedrsko magnetno resonancno spektroskopijo smo posneli spektre cisplatina v devterijevem
oksidu, raztopini iz 90 % vode in 10 % devterijevega oksida, raztopini devterijevega oksida
s 154 mM NaCl ter raztopini iz 90 % vode in 10 % devterijevega oksida s 154 mM NaCl. V
spektru cisplatina, ki je bil izpostavljen petindvajsetim 400 ns ali osmim 100 pus pulzom
nismo opazili premikov vrhov, ki ustrezajo cisplatinu, niti novih vrhov, v primerjavi s
spektrom cisplatina, ki ni bil izpostavljen elektri¢cnim pulzom. Z masno spektrometrijo
visoke lo€ljivosti smo opazili podobne fragmente v spektru cisplatina v vodi ali fizioloSki
raztopini, ki je bil ali ni bil izpostavljen visokonapetostnim elektricnim pulzom. Jedrska
magnetna resonanca in masna spektrometrija visoke locljivosti sta torej pokazali, da je
struktura cisplatina ostala primerljiva pred in po izpostavitvi elektriénim pulzom pod pogoji,
uporabljenimi v naSih poskusih.

V sploSnem nasi rezultati kaZejo, da so nanosekundni pulzi s primerno izbranimi parametri
primerni za uporabo v elektrokemoterapiji. Uporaba enako ucinkovitih nanosekundnih
pulzov povzro¢i enako zmanjSanje preZivetja celic zaradi cisplatina in enako kopicenje
cisplatina v celicah kot pri standardnih osmih 100 ps pulzih. Tako smo potrdili hipotezo, da
elektroporacija z nanosekundnimi pulzi poveca koli¢ino cisplatina v celicah in posledi¢no
poveca njegov citotoksi¢ni u¢inek. Vendar pa rezultati v celicah CHO kazZejo, da so v celi¢no
smrt po elektrokemoterapiji z nanosekundnimi pulzi vpleteni Se drugi mehanizmi poleg
povecCanega znotrajceli¢nega kopicenja cisplatina.

Ce povzamemo, potrdili smo na$o prvo hipotezo, da uporaba H-FIRE in nanosekundnih
pulzov zmanjSuje elektrokemijske reakcije tudi, ko so parametri elektricnega polja
(amplituda, pavza med pulzi, ...) prilagojeni tako, da imajo enak bioloski u¢inek kot daljsi
monopolarni pulzi. Nase druge hipoteze, da elektroporacija celic z razlicnimi oblikami
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pulzov, ki vodijo v primerljivo permeabilizacijo celiéne membrane, povzro¢i primerljivo
oksidacijo celicnih komponent, nismo mogli niti potrditi niti ovre€i, ker se je izkazalo, da
Click-iT Lipid Peroxidation Imaging Kit - Alexa Fluor 488 ni ustrezna metoda za merjenje
lipidne peroksidacije v prvih urah po elektroporaciji. Potrdili smo naSo tretjo hipotezo, da
elektroporacija z nanosekundnimi pulzi poveca koli¢ino kemoterapevtika v celici in
posledi¢no poveca tudi njegov citotoksicni ucinek.
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in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter th~ *=~Anvhsin~
editorial content or meaning of the requested material, and provided that the resulting modifi

used solely within the scope of, and in a manner consistent with, the particular authorization des E
Order Confirmation and the Terms), but not including any other form of manipulation, alteratior.

the requested material; - e
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C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (i) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii} Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course cor

User shall maintain for at least four full calendar years books and records sufficient for CCC to d E
numbers of copies made by User under such permission. CCC and any representatives it may desig -

the right to audit such books and records at any time during User's ordinary business hours, upon tWoays i
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notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

<) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-emall, intranet, internet and extranet). For
"electronic reproductions"”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i} User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution maodification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

¢) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropri=te nartiac
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms con

writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purport ' |
or otherwise relate to the License described in the Order Confirmation, which terms are in any way incg

any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whethe sec
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is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

137] sec
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