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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 Miklavčič, 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; Teissié and Rols, 1994; Pakhomov et al., 2009) and was 

noted that it is temperature dependent (Teissié 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 Teissié, 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 µs) (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-Fernández 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 Ca2+ 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 (Sözer et al., 2017) 

 

 

 

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 

(Mahnič-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 (Reberšek and Miklavčič, 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; Miklavčič et al., 2010; Županič 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, 

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 (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 Teissié, 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 (Reberšek and Miklavčič, 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 Al3+ 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 Ca2+ 

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 (Fe2+/Fe3+, Ni2+) have been reported to have a stronger effect on the 

viability of electroporated cells compared to non-electroporated cells (Kotnik et al., 2001; 

Košir 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. Fe3+ and Cu2+) 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 μs 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 (Miklavčič 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; Serša et al., 1995, Serša 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 (Miklavčič 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; 

Rembiałkowska 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; Rembiałkowska 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 µs 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 µs 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 µs 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 µs pulses in terms 

of cell membrane permeabilization and cell survival after electroporation (i.e., 

equiefficient pulse parameters). 

2. To compare the extent of electrochemical reactions occurring at the electrode-

electrolyte interface after the application of standard eight 100 µs pulses with 

equiefficient nanosecond and H-FIRE electric pulses by measuring the concentration 

of metal ions released from the electrodes. 

3. 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). 

4. 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 µs pulses. 

5. 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. 

6. 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 µs 

pulses. 

7. 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: 



 

Vižintin A. Alternative pulse waveforms in electroporation-based technologies.                
 

   Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022 

 

11 

 

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 μs 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. 
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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 

 

Vižintin A., Vidmar J., Ščančar J., Miklavčič 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 µs) 

of 1 µs 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 µs 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/j.bioelechem.2020.107523.  

 

  

https://doi.org/10.1016/j.bioelechem.2020.107523
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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  

 

Vižintin A., Marković S., Ščančar J., Miklavčič 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 ls 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 ls 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/j.bioelechem.2021.107798.  

 

 

 

 

This work is licensed under a Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International License. 

 

 

https://doi.org/10.1016/j.bioelechem.2021.107798
https://creativecommons.org/licenses/by-nc-nd/4.0/
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2.1.3 Nanosecond electric pulses are equally effective in electrochemotherapy with 

cisplatin as microsecond pulses  

 

Vižintin A., Marković S., Ščančar J., Kladnik J., Turel I., Miklavčič 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 × 100 μs 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 × 200 ns pulse at 12.6 kV/cm or 25 × 400 ns pulses at 3.9 kV/cm, 10 Hz repetition rate or 

8 × 100 μs 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 × 100 μs 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 × 100 μs pulses after electrochemotherapy. The number of intracellular 

cisplatin molecules 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. Equivalent nanosecond 

pulses are equally effective in electrochemotherapy as standardly used 8 × 100 μs pulses. 

 

Supplementary data to this article can be found online at https://sciendo-parsed-data-

feed.s3.eu-central-1.amazonaws.com/62f7aaf9c7121310277c85cb/raon-2022-

0028_sm.pdf.  

 

 

 

 

This work is licensed under a Creative Commons Attribution-NonCommercial-
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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 kΩ 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 % CO2 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 µg/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 

1× trypsin-ethylenediaminetetraacetic acid (EDTA, cat. no T4174, Sigma-Aldrich) diluted 

in 1× 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 × 106 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 µM immediately before the 
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application of electric pulses. The cells mixed with YO-PRO-1 (600 µl) were transferred to 

an electroporation cuvette with 4 mm gap (VWR, Pennsylvania, USA) and then the pulses 

were applied. The treated cell suspension (20 µl) was transferred to a new 1.5 ml 

microcentrifuge tube. Three minutes after the last pulse, 150 µl 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 µl) 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 µl) was transferred to a new 1.5 ml microcentrifuge 

tube and 25 min after the last pulse, the complete growth medium DMEM (380 µl) was 

added. The cell suspension was gently vortexed and plated (100 µl) 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 % CO2 atmosphere. After 24 h, 20 µl 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 % CO2, 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 μs 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 µg/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 % CO2 atmosphere. On the day of the experiment, 

cells were detached with 1× 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 µg/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 × 106 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 µM. 600 µl of the cell suspension was transferred to multiple electroporation cuvettes 

with 4 mm gap (VWR). 150 µl 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 µl 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/cm 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 kΩ 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 µs 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 µl 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 % CO2 

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 µl of phosphate buffered saline (PBS). Centrifugation and washing were repeated 

two more times. Then, the cell pellet was resuspended in 300 µl 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 µl 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 
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three times with 400 µl of PBS. After the last wash, PBS was removed and 300 µl 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 µl of 1 % BSA in PBS was added to each 

well. After 30 min, the BSA solution was removed and 250 µl 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 µl of 1 % BSA in PBS and then two times with 300 µl of PBS. After the last 

wash, PBS was removed and 250 µl of pre-warmed trypsin-EDTA in 1× Hank’s basal salt 

solution was added to the cells. After 1.5 min, trypsin was inactivated by adding 250 µl 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 (α = 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 × 400 ns) or eight 100 µs pulses at 1.1 kV/cm with a pulse repetition rate of 1 Hz 

(8 × 100 µs). 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 

(Vižintin et al., 2020) and nanosecond pulses (Vižintin et al., 2021, 2022) that are 

equiefficient to the standard eight 100 µs 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 µs and the duration of the negative phase was 1 µs 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 µs. All H-FIRE pulse protocols and the 

eight 100 µs 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 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 H9c2, 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; 

Serša 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 µs decreased the cell 

survival as effectively as the standard eight 100 µs 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 µs, 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 μs, in contrast to what was observed for 

cell survival. All H-FIRE pulse protocols tested were less effective than the standard eight 

100 µs 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 μs increased the muscle contractions but did not elicit 

strong painful sensations and muscle contractions were still significantly lower compared 

with the standard eight 100 µs pulses. When the interpulse delay was extended beyond 10 μs, 

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 µs 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 µs 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 μs 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 

is used. This is in contrast to what was observed with the eight 100 μs 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 μs 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 µs 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 µs 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 µs 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 µs pulses with still lower metal release from the electrodes. H-FIRE 

pulses appear to be superior to the standard eight 100 µs in terms of limiting electrochemical 

reactions, which was confirmed in another experimental and numerical in vitro study 

(Mahnič-Kalamiza and Miklavčič, 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 µs 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 µs 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 µs 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 µs 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 µs 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 (Reberšek 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 μs 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 (Vižintin 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 μs 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 μs 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 µs 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 µs and eight 10 ms pulses at different electric field strengths. When comparing eight 

100 µs 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 (Vižintin 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 μs 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 μs pulses), cell survival after electrochemotherapy was also 

measured by the clonogenic assay (Vižintin 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 μs pulses at the electric 

field strength previously determined to be optimal for this cell line (Vižintin 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 μs 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 µM 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 μs 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 Jakštys 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 μs pulses, 

140 nM bleomycin and twenty-five 400 ns pulses, or 50 µM cisplatin and eight 100 μs 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 

(Šatkauskas 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 μs 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 μs 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 μs 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 μs 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 μs 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; Zakelj 

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 B16F1 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 μM 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 B16F1 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 Ca2+ homeostasis, and 

activation of signal transduction pathways also play important roles (Florea and Büsselberg, 

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 Ca2+ 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 Ca2+ 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 (Cemaz̆ar 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., 



 

Vižintin A. Alternative pulse waveforms in electroporation-based technologies.                
 

   Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022 

 

71 

 

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 1H 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 μs 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 μs 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 μs 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 µs 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 µs 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 µs 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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4. All H-FIRE pulses tested caused significantly lower metal release from aluminum 

and stainless steel electrodes compared to the eight 100 µs 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 µs 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 µs interphase delay and various other durations of interpulse delay than H-

FIRE pulses with interphase and interpulse delays of the same duration. 

5. 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 µs 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. 

6. We proved the hypothesis that equieffcieint H-FIRE or nanosecond pulses reduce 

electrochemical reactions compared to the standard eight 100 μs pulses. 

7. 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 μs pulses. 

8. The Click-iT 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. 

9. 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 

μs pulses. 

10. 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 μs pulses. In electrochemotherapy with cisplatin, 

there were no differences in measured cell survival between nanosecond and eight 

100 μs pulses at the same cisplatin concentration, with the sole exception of the one 

200 ns pulse in B16F1 cells. 

11. 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. 

  



 

Vižintin A. Alternative pulse waveforms in electroporation-based technologies.                
 

   Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022 

 

75 

 

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 μs 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 µs 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 µs 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 μs 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 µs 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 µs and 

the duration of the negative phase was 1 µs 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 µs. All H-FIRE pulse protocols and the eight 100 µs 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 H9c2, mouse myoblast C2C12, and mouse neuronal 

cell line HT22. To elucidate nanosecond pulse protocols which are equiefficient to eight 100 

µs 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 µs 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 µs decreased the cell survival as effectively as the standard 

eight 100 µs 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 µs 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 µs 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 μs 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 µs pulses of the same amplitude to wire 

electrodes of aluminum, stainless steel and platinum. Nanosecond pulses protocols and the 

standard eight 100 µs 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 µs 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 µs 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 µs 

pulses with still lowering the metal release from the electrodes. H-FIRE pulses appear to be 

superior to the standard eight 100 µs 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 µs 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 μs 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 (Vižintin 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 μs 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 μs 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 μs 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 μs 

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 μs 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 µM 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 μs 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 μs 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 μs 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 μs 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 μs 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 B16F1 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 Ca2+ 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 μs 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-

iT 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 povečanja prepustnosti celične membrane zaradi izpostavitve 

celice/tkiva električnemu polju, kar omogoči transport molekul preko membrane, tudi tistih 

za katere je celična membrana običajno neprepustna. Splošno 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 električnega polja, v 

poskusih pa je povečana prepustnost celične membrane opažena še nekaj minut in celo ur po 

tem, ko električno polje ni več prisotno. Vse več dokazov kaže na pomembno vlogo 

oksidacije membranskih lipidov in modulacijo strukture in funkcije proteinov zaradi vpliva 

električnih pulzov pri elektroporaciji. 

 

Elektroporacija povzroči vdor Ca2+ v citoplazmo iz zunajceličnega prostora in iz notranjih 

zalog, odtekanje ATP in K+ iz celice, depolarizacijo, osmotsko neravnovesje in nabrekanje 

celice, sproščanje s poškodbami povezanih molekularnih vzorcev (angl. damage-associated 

molecular pattern, DAMP), aktivacijo različnih signalnih poti, spremembe v izražanju genov 

in sintezi proteinov, aktivacijo različnih popravljanih mehanizmom in lahko vodi v celično 

smrt. Vse spremembe v celici in celični membrani kot tudi vse poznejše procese, povezane 

z elektroporacijo, ki so aktivni tudi, ko povečane prepustnosti celične membrane ni več 

opaziti, imenujemo elektropermeom. 

 

V študijah in vitro je učinkovitost elektroporacije običajno izražena bodisi z odstotkom 

elektroporiranih celic, s privzemom določene molekule v elektroporirane celice ali s 

preživetjem celic. Na učinkovitost elektroporacije vpliva več biofizikalnih parametrov: 

geometrija celice (oblika in velikost celice), okoljski parametri (osmotski tlak, temperatura, 

prevodnost medija, …) in parametri električnega polja (oblika pulza, električna poljska 

jakost in smer, čas trajanja pulza/faze, pavza med pulzi, število pulzov, ponavljalna 

frekvenca, …). V večini primerov lahko na učinkovitost elektroporacije vplivamo le s 

parametri električnega polja ter z geometrijo in postavitvijo elektrod. Podobne rezultate 

elektroporacije je mogoče doseči z uporabo pulzov različnih parametrov, t.i. enako 

učinkovitimi pulzi. Na primer, z uporabo več krajših pulzov pri višji električni poljski jakosti 

lahko dosežemo enak rezultat kot z enim daljšim pulzom pri nižji električni poljski jakosti. 

Vendar iskanje kombinacije pulznih parametrov, ki vodijo v enako učinkovite pulze, ni 

enostavno – zanašanje na preproste povezave med pulznimi parametri, kot je npr. uporaba 

pulzov z enako energijo ali skupnim časom trajanja, se je izkazalo za neustrezno. 

 

Pulzi, ki se uporabljajo pri elektroporaciji, imajo širok razpon parametrov. V zadnjem času 

so nanosekundni in visokofrekvenčni bipolarni pulzi s časom trajanja pulza le nekaj 
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mikrosekund pritegnili veliko raziskovalnega zanimanja, ker omogočajo premostitev 

določenih omejitve, ki se pojavljajo pri običajni elektroporaciji s pulzi s časi trajanja v 

območju mikro- in milisekund. Vpliv nanosekundnih pulzov prodre globlje v celično 

notranjost, saj imajo za razliko od mikro- in milisekundnih pulzov neposredne učinke tudi 

na organele, ne le na celično membrano. Poleg tega so prednosti nanosekundnih pulzov tudi 

zmanjšanje možnosti pojava toplotnih poškodb, zmožnost sprožitve apoptoze in 

protitumorska aktivnost, njihovi pragovi vzbujanja nevronov pa naj bi bili višji od pragov 

elektroporacije, kar pomeni, da njihova uporaba lahko zmanjša živčno-mišično vzdraženje, 

ki je neželen stranski učinek na elektroporaciji temelječih medicinskih aplikacij. Za 

visokofrekvenčne bipolarne pulze s trajanjem pulza v območju nekaj mikrosekund, znanimi 

pod akronimom H-FIRE, pa so pokazali, da zmanjšujejo mišično krčenje ter verjetno tudi 

zmanjšujejo verjetnost pojava motenj v delovanju srca ob dovajanju pulzov. 

 

Električno polje se pri postopkih elektroporacije vzpostavi z dovajanjem električnih pulzov 

prek elektrod, ki so v stiku z medijem/tkivom. Elektrode so najpogosteje kovinske. Ob 

dovajanju visokonapetostnih električnih pulzov pa prihaja do elektrokemijskih reakcij na 

stiku elektrode in elektrolita. Te elektrokemijske reakcije med drugim vodijo do elektrolize 

vode in nastajanja plinskih mehurčkov, korozije elektrod, nastanka radikalov, sprememb pH 

in sproščanja kovinskih ionov z elektrod. Kovinski ioni, ki se sproščajo z elektrod med 

elektroporacijo, lahko med drugim oborijo nukleinske kisline in proteine v raztopinah, 

spremenijo okus hrane in vplivajo na preživetje celic. Eksperimenti nakazujejo, da je 

mogoče zmanjšati elektrokemijske reakcije z uporabo pulzov s krajšim časom trajanja in/ali 

bipolarnih pulzov. 

 

Elektroporacija se uporablja na številnih področjih vključno s transfekcijo celic in 

transformacijo bakterij, ekstrakcijo biomolekul in sokov, inaktivacijo mikroorganizmov, 

sušenjem biomase, krioprezervacijo, fuzijo celic, ablacijo tkiv in elektrokemoterapijo. 

Elektrokemoterapija je lokalno zdravljenje raka, ki združuje uporabo visokonapetostnih 

električnih pulzov, ki začasno povečajo prepustnost celične membrane, s standardnim 

kemoterapevtikom z visoko intrinzično citotoksičnostjo, za katerega celična membrana sicer 

prestavlja oviro za vstop v celice. Električni pulzi se običajno dovajajo v nizu osmih 

monopolarnih pulzov s časom trajanja 100 μs in s ponavljalno frekvenco 1 Hz ali 5 kHz. 

Dva najpogostejša kemoterapevtika v elektrokemoterapiji sta bleomicin in cisplatin. 

Prepoznanih je bilo več mehanizmov delovanja elektrokemoterapije, prevladujoči pa je 

povečano znotrajcelično kopičenje kemoterapevtika kot posledica povečane prepustnosti 

celične membrane zaradi elektroporacije. 

 

V številnih študijah so pokazali učinkovitost, dobro sprejemljivost in veliko zadovoljstvo 

bolnikov z elektrokemoterapijo. Omenjeni pa so bili tudi neželeni učinki – najpogosteje 
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mišične kontrakcije in neprijetni (lahko celo boleči) občutki, ki so posledica vzdraženja 

perifernih živcev z električnimi pulzi. Za premagovanje te omejitve raziskujejo možnost 

uporabe drugačnih pulzov v elektrokemoterapiji, vključno z H-FIRE  in nanosekundnimi 

pulzi. Poročila o uporabi nanosekundnih pulzov v elektrokemoterapiji so obetavna: in vitro 

so raziskovalci in raziskovalke opazili zmanjšanje preživetja celic,  in vivo pa regresijo 

tumorja. Vendar pa v teh študijah niso celovito raziskali učinkov različnih 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 učinkoviti kot standardni osem 100 µs pulzov v elektrokemoterapiji in ali so 

mehanizmi delovanja v elektrokemoterapiji z nanosekundimi pulzi enaki kot pri 

konvencionalni elektrokemoterapiji z osmimi 100 µs pulzi. 

 

V okviru doktorske disertacije smo zasnovali obsežno in vitro raziskavo s splošnim ciljem 

primerjave osmih 100 µs pulzov, ki se standardno uporabljajo v aplikacijah, ki temeljijo na 

elektroporaciji, z novejšimi oblikami pulzov (in sicer z nanosekundnimi in kratkimi 

visokofrekvenčnimi bipolarnimi (H-FIRE) pulzi) na različnih ravneh, pomembnih za 

aplikacije, ki temeljijo na elektroporaciji. 

 

V študiji smo preizkušali sledeče hipoteze: 

1. Pri uporabi monopolarnih nanosekundnih ali bipolarnih visokofrekvenčnih 

električnih pulzov s časom trajanja nekaj mikrosekund v elektroporacijskih 

postopkih so spremljajoče elektrokemijske reakcije zmanjšane, elektroporacija 

celične membrane pa je enakovredna klasičnim osmim 100 μs pulzom. 

2. Elektroporacija celic z električnimi pulzi z različnimi parametri, ki povečajo 

prepustnost celične membrane, povzroči primerljivo oksidacijo celičnih komponent. 

3. Elektroporacija z nanosekundnimi pulzi v kombinaciji s protirakavo zdravilno 

učinkovino vodi do njene povečane učinkovitosti zaradi povečanega 

znotrajceličnega kopičenja zdravilne učinkovine. 

 

Na štirih celičnih linijah, ki smo jih uporabljali v študiji (ovarijske celice kitajskega hrčka 

CHO, podganji kardiomioblasti H9c2, mišji mioblasti C2C12 in mišji nevroni HT22), smo 

pokazali, da je mogoče pri enaki amplitudi in času trajanja pozitivne in negativne faze pulzov 

H-FIRE s podaljšanjem pavze med fazami in/ali podaljšanjem pavze med pari bipolarnih 

pulzov doseči manjše preživetje celic. Naši rezultati kažejo, da bi lahko učinkovitost pulzov 

H-FIRE izboljšali s podaljšanjem pavze namesto povečanjem amplitude pulza. Vendar pa je 

le pulzni protokol s pavzo med pozitivno in negativno fazo ter pavzo med pari bipolarnih 

pulzov v času trajanja 10.000 µs zmanjšal celično preživetje enako učinkovito kot 

standardnih osem 100 µs pulzov na celičnih linijah CHO in HT22. Učinek časa trajanja 

pavze med pozitivno in negativno fazo ter pavze med pari bipolarnih pulzov na 
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permeabilizacijo membrane je bil bolj kompleksen kot na preživetje, vendar je bilo skupno 

vsem preizkušenim pulznim protokolom H-FIRE to, da so bili manj učinkoviti od 

standardnih osmih 100 µs pulzov v smislu permeabilizacije celične membrane v vseh štirih 

testiranih celičnih linijah. 

 

Za dosego visoke (tj. > 99 %) permeabilizacije celične membrane z nanosekundnimi pulzi 

so bile potrebne višje električne poljske jakosti kot z osmimi 100 µs pulzi. Med protokoli 

nanosekundnih pulzov z enakim številom pulzov smo morali za krajše pulze uporabiti višje 

električne poljske jakosti, da smo dosegli visoko permeabilizacijo membrane. Primerjava 

nanosekundnih pulzov z enakim časom trajanja je pokazala, da so protokoli z večjim 

številom pulzov dosegli visoko permeabilizacijo membrane pri nižjih električnih poljskih 

jakosti kot protokoli z manjšim številom pulzov. Na celicah CHO smo z vsemi 

preizkušenimi pulznimi protokoli dosegli več kot 99 % permeabilizacijo celic, z izjemo 

enega 200 ns pulza, ki je permeabiliziral približno 85 % celične populacije pri najvišji 

električni poljski jakosti znotraj varnega območja delovanja uporabljenega pulznega 

generatorja. Za celično linijo mišjega melanoma B16F1 nismo dosegli več kot 99 % 

permeabilizacije celične membrane kadar smo uporabili en nanosekundni pulz s časom 

trajanja 200, 400 ali 550 ns, tudi pri najvišji uporabljeni električni poljski jakosti. To 

nakazuje, da so pri uporabi enega samega nanosekundnega pulza potrebne višje električne 

poljske jakosti za doseganje istega odstotka permeabilizacijo celic B16F1 v primerjavi s 

celicami CHO. To pa je v nasprotju s tem, kar smo opazili pri osmih 100 μs pulzih – pri teh 

je bila  potrebna nižja električna poljska jakost za permeabilizacijo enakega odstotka celic 

B16F1 kot CHO. 

 

Naša študija je bila prva v kateri smo določili sproščanje kovin z elektrod po uporabi H-

FIRE in nanosekundnih pulzov. Koncentracijo kovinskih ionov v fiziološki raztopini smo 

izmerili z masno spektrometrijo z induktivno sklopljeno plazmo po dovajanju pulzov H-

FIRE (s parametri kot v celičnih poskusih) in standardnih osmih 100 µs pulzov enake 

amplitude na žičnate elektrode iz aluminija, nerjavečega jekla in platine potopljene v 

fiziološko raztopino. Nanosekundne pulze in standardnih osem 100 µs pulzov z jakostmi 

električnega polja, ki smo jih določili kot optimalne za elektrokemoterapijo celic CHO, pa 

smo dovajali v kivete za elektroporacijo (z elektrodami iz aluminijeve zlitine), v katerih je 

bila fiziološka raztopina. 

 

Količina kovinskih ionov, sproščenih z elektrod, se je močno razlikovala med tremi 

testiranimi materiali elektrod – absolutno največjo količino sproščenih kovinskih ionov smo 

izmerili za aluminijaste elektrode, najmanjšo pa za platinaste elektrode. Vsi preizkušeni 

pulzi H-FIRE so povzročili bistveno manj sproščanja kovin z elektrod iz aluminija in 

nerjavečega jekla v primerjavi z osmimi 100 µs pulzi z enako amplitudo. Vendar pa je bila 
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v primeru platinastih elektrod za nekatere protokole pulzov H-FIRE izmerjena statistično ne 

značilno nižja koncentracija sproščenih ionov platine kot za osem 100 µs pulzov. Z izjemo 

platine lahko zaključimo, da je s podaljšanjem časa trajanja pavz pulzov H-FIRE mogoče 

doseči enakovredni biološki učinek kot s standardnimi osmimi 100 µs pulzi ob nižji količini 

sproščanja kovinskih ionov z elektrod. To nakazuje, da so pulzi H-FIRE boljši od 

standardnih osmih 100 µs pulzov v smislu omejevanja elektrokemijskih reakcij. Različni 

časi trajanja pavze med pozitivno in negativno fazo ter pavze med pari bipolarnih pulzov v 

pulzih H-FIRE so povzročili statistično značilne razlike v koncentraciji sproščenih kovinskih 

ionov z elektrod iz aluminija in nerjavečega jekla. Vendar je bilo po uporabi pulzov H-FIRE 

z 1 µs pavzo med pozitivno in negativno fazo in različnimi časi trajanja pavze med pari 

bipolarnih pulzov izmerjenih več ionov platine kot pri pulzih H-FIRE, ki so imeli pavzo med 

pozitivno in negativno fazo ter pavzo med pari bipolarnih pulzov z enakim časom trajanja. 

Naša študija ni mogla pojasniti teh razlik. Za razumevanje učinkov časa trajanja pavze v 

pulzih H-FIRE na sproščanje kovin iz platinastih elektrod bi bile potrebne nadaljnje 

raziskave. 

 

Po dovajanju nanosekundnih pulzov v kivete za elektroporacijo smo izmerili znatno nižjo 

koncentracijo sproščenih aluminijevih ionov kot po dovajanju osmih 100 µs pulzov. 

Dokazali smo, da skrajšanje časa trajanja pulza na nekaj sto nanosekund zmanjša količino 

kovinskih ionov, ki se sprostijo z elektrod ob elektroporaciji, tudi ob povečanju amplitude 

in/ali števila pulzov za dosego ekvivalentnega biološkega učinka kot pri daljših pulzih. Ker 

je sproščanje 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 sproščanje kovinskih ionov ni odvisno le od časa trajanja pulza ali energije, ki je 

bila z električnimi pulzi dovedena v kiveto (ocenjeno kot zmnožek časa trajanja pulza, 

števila pulzov, izmerjene napetosti in izmerjenega električnega toka) – primerjava 

posameznih nanosekundnih pulzov z enako amplitudo in različnimi časi trajanja pulza (200, 

400 ali 500 ns) pokaže, da smo v nasprotju s pričakovanji največjo koncentracijo 

aluminijevih ionov izmerili po dovajanju najkrajšega (tj. 200 ns) pulza. 

 

Kemijske spremembe membranskih lipidov, zlasti lipidna peroksidacija, bi lahko pojasnile 

dolgotrajnejšo (v primerjavi s trajanjem pulza) povečano prepustnost celičnih membran 

izmerjeno po elektroporaciji. V naši študiji smo izmerili čas potreben za zaceljenje 

membrane in peroksidacijo lipidov po elektroporaciji, da bi primerjali čas, potreben za 

zaceljenje, z obsegom peroksidacije lipidov in ugotovili, ali različne oblike pulzov, ki enako 

učinkovito permeabilizirajo celično membrano, povzročijo tudi primerljivo peroksidacijo 

lipidov celične membrane. 
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Čas za zaceljenje celične membrane celic CHO smo izmerili po dovajanju različnih 

nanosekundnih pulznih protokolov in osmih 100 μs pulzov pri električni poljski jakosti, ki 

je bila določena 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. Celična membrana se je zacelila v manj kot 5 min, kadar so bile 

celice elektroporirane z osmimi 100 μs pulzi. Za večino nanosekundnih pulznih protokolov 

izmerjeni čas, potreben za zaceljenje celične membrane, ni bil bistveno daljši. 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 daljši čas (več kot 10 min). 

 

Lipidno peroksidacijo v celicah CHO, elektroporiranih s petindvajsetimi 400 ns pulzi ali 

osmimi 100 μs pulzi pri električni poljski jakosti, ki je bila določena kot optimalna za 

elektrokemoterapijo, smo izmerili s kitom Click-iT Lipid Peroxidation Imaging Kit - Alexa 

Fluor 488. Statistično značilne razlike smo izmerili le med neobarvanimi celicami in vsemi 

ostalimi vzorci ter med negativno kontrolo in celicami, elektroporiranimi s petindvajsetimi 

400 ns pulzi, pri čemer je bil v nasprotju s pričakovanji izmerjeni signal pri slednjih nižji. 

Opazili smo tudi velike razlike v izmerjenih signalih med duplikati, izvedenimi istega dne, 

in tudi med vzorci iz različnih dni. Ti rezultati kažejo, 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 ovreči 

hipoteze, da elektroporacija celic z različnimi pulzi, ki približno enako učinkovito 

permeabilizirajo celično membrano, povzroči primerljivo oksidacijo celičnih komponent. 

 

Za ovrednotenje učinkovitosti nanosekundnih pulzov v elektrokemoterapiji smo izmerili 

preživetje celic CHO s presnovnim testom MTS po in vitro elektrokemoterapiji z 

bleomicinom ali cisplatinom 72 ur po eksperimentu. Preizkusili smo več nanosekundnih 

pulznih protokolov – spreminjali smo čas trajanja pulzov (200, 400 ali 550 ns) in število 

pulzov (1, 25 ali 100 pulzov), ponavljalna frekvenca pa je bila 10 Hz – in standardnih osem 

100 μs pulzov pri električni poljski jakosti, ki je bila predhodno določena kot optimalna za 

vsak pulzni protokol oz. v primeru enega 200 pulza pri najvišji eksperimentalno dosegljivi 

električni poljski jakosti. Za izbrane pulzne protokole (in sicer en 200 ns pulz, petindvajset 

400 ns pulzov in osem 100 μs pulzov) smo celično preživetje po in vitro elektrokemoterapiji 

izmerili tudi s testom klonogenosti. Preživetje celic po in vitro elektrokemoterapiji s 

cisplatinom je bilo izmerjeno tudi za celično linijo B16F1 s testom klonogenosti za en 200 

ns pulz pri najvišji eksperimentalno dosegljivi električni poljski jakosti ter za petindvajset 

400 ns pulzov in osem 100 μs pulzov pri električni poljski jakosti, za katero je bilo 

predhodno ugotovljeno, da je optimalna za posamezni pulzni protokol za to celično linijo. 

Ker mehanizmi delovanja elektrokemoterapije z nanosekundnimi pulzi še niso raziskani, 
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povečanje znotrajceličnega kopičenja kemoterapevtika pa v splošnem velja za enega glavnih 

mehanizmov delovanja konvencionalne elektrokemoterapije z mikrosekundimi pulzi, smo v 

tej študiji preizkusili, ali kombinacija permeabilizirajočih električnih pulzov (ki sami ne 

zmanjšajo celičnega preživetja) in cisplatina vodi do povečanega kopičenja cisplatina v 

celicah (v primerjavi z neelektroporiranimi celicami) in ali količina celičnega cisplatina 

korelira s celičnim preživetjem po elektrokemoterapiji. 

 

Sama elektroporacija (tj. v odsotnosti bleomicina ali cisplatina) ni zmanjšala celičnega 

preživetja. Znotraj razpona preizkušenih koncentracij bleomicina in cisplatina smo opazili 

zmanjšanje celičnega preživetja neelektroporiranih celic samo pri celicah CHO inkubiranih 

s 50 µM cisplatinom. Kombinacija elektroporacije in bleomicina ali cisplatina je povzročila 

zmanjšanje celičnega preživetja obeh celičnih linij za vse preizkušene pulzne protokole, z 

edino izjemo enega 200 ns pulza v celicah B16F1. 

 

Najmanjše zmanjšanje preživetja celic je bilo izmerjeno s testom MTS za celice CHO, 

elektroporirane z enim 200 ns pulzom pri 12,6 kV/cm 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 celično membrano le 85 % celic 

CHO in manj kot 50 % celic B16F1, kar je suboptimalno za elektrokemoterapijo. Še bolj 

zanimivo pa je, da je bil kljub suboptimalni permeabilizaciji celične membrane en 200 ns 

pulz enako učinkovit pri zmanjševanju celičnega preživetja celic CHO v elektrokemoterapiji 

s cisplatinom kot petindvajset 400 ns in osem 100 μs pulzov. 

 

Pri celicah, ki so bile podvržene enakim pogojem (tj. enakemu pulznemu protokolu in enaki 

koncentracija bleomicina/cisplatina), smo s testom klonogenosti izmerili nižje celično 

preživetje kot s testom MTS. Celično preživetje, izmerjeno s testom MTS, je pri določeni 

koncentraciji bleomicina doseglo plato, tj. z nadaljnjim naraščanjem koncentracije 

bleomicina se je izmerjeno preživetje le rahlo (če sploh) zmanjševalo. Pri celičnem 

preživetju, izmerjenim s testom klonogenosti, pa takega platoja nismo opazili – preživetje 

celic se je z naraščajočo koncentracijo bleomicina zmanjševalo. Različni rezultati obeh 

testov so posledica razlik v njunem načinu delovanja. 

 

Pri elektrokemoterapiji z bleomicinom smo morali z nanosekundnimi pulzi uporabiti višjo 

zunajceličnih koncentracijo bleomicina za zmanjšanje preživetja celic CHO v enakem 

obsegu kot z osmimi 100 μs pulzi, vendar je bila tudi najvišja uporabljena koncentracija 

bleomicina še vedno znatno nižja od terapevtskega odmerka, ki se uporablja pri 

elektrokemoterapiji v klinični praksi. Med različnimi preizkušenimi nanosekundnimi 

pulznimi protokoli so trije protokoli (in sicer petindvajset 200 ns pulzov, petindvajset 400 

ns pulzov in sto 550 ns pulzov) zmanjšali celično preživetje elektroporiranih celic CHO pri 



 

Vižintin A. Alternative pulse waveforms in electroporation-based technologies.                
 

   Doct. dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2022 

 

91 

 

občutno nižjih koncentracijah bleomicina kot drugi nanosekundni pulzni protokoli. 

Zanimivo je, da smo pri teh treh pulznih protokolih izmerili tudi najdaljši čas zaceljenja 

celične membrane po elektroporaciji. Ker je bleomicin srednje velika molekula, bi naše 

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 celičnem 

preživetju po elektroporaciji z nanosekundnimi ali osmimi 100 μs pulzi pri isti koncentraciji 

cisplatina, spet z edino izjemo enega 200 ns pulza pri celicah B16F1, ki ni zmanjšal 

preživetja celic tudi pri najvišji preizkušeni koncentraciji cisplatina. Opažene razlike v 

izmerjenem celičnem preživetju po elektrokemoterapiji z nanosekundnimi pulzi med 

bleomicinom in cisplatinom bi lahko bile posledica različne velikosti molekul in 

mehanizmov delovanja obeh kemoterapevtikov. 

 

Z masno spektrometrijo z induktivno sklopljeno plazmo smo izmerili celokupno količino 

platine v celičnih peletih po elektrokemoterapiji s predpostavko, da cisplatin najverjetneje 

predstavlja večino izmerjene platine. To predpostavko podpira dejstvo, da je bila količina 

platine, izmerjena v vzorcih, ki jim cisplatin ni bil dodan, za 2 – 3 velikostne rede nižja 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 celično linijo CHO 

izmerili večjo količino platine kot v celicah B16F1. V elektroporiranih celicah smo izmerili 

večjo celokupno količino platine v primerjavi z neelektroporiranimi celicami, ki so bile 

inkubirane z enako koncentracijo cisplatina, razen v primeru enega 200 ns pulza za celično 

linijo CHO. Ti rezultati kažejo, da se znotrajcelično kopičenje cisplatina poveča tudi, ko se 

za elektrokemoterapijo uporabljajo nanosekundni pulzi. V celicah elektroporiranih s 

petindvajsetimi 400 ns in osmimi 100 μs pulzi pri isti koncentraciji cisplatina znotraj iste 

celične linije ni bilo statistično značilnih razlik v preživetju celic in količini platine v celicah. 

Zanimivo pa je, da čeprav je bila v celicah CHO, elektroporiranih z enim 200 ns pulzom, 

izmerjena manjša količina platine kot s petindvajsetimi 400 ns pulzi in osmimi 100 μs pulzi, 

je bila z vsemi tremi pulznimi protokoli dosežena enaka stopnja zmanjšanja celičnega 

preživetja. 

 

Iz izmerjene količine platine smo izračunali število molekul cisplatina na celico in te podatke 

korelirali s preživetjem celic po elektrokemoterapiji za vsako celično linijo posebej. Pri 

približno enakem številu molekul cisplatina na celico je bilo celično preživetje nižje pri 

elektroporiranih celicah CHO kot pri neelektroporiranih celicah CHO. To kaže na možen 

sinergistični učinek elektroporacije in cisplatina. Vendar pa rezultati celičnega preživetja in 

števila molekul cisplatina na celico za B16F1 ne nakazujejo na sinergistični učinek 
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elektroporacije in cisplatina. Za celice B16F1 je število molekul cisplatina linearno 

koreliralo z logaritmom celičnega preživetja. Vendar pa smo imeli pri celicah B16F1 le eno 

eksperimentalno točko, pri kateri je bilo število molekul cisplatina na celico znotraj intervala 

števila molekul v neelektroporiranih celicah, zato bi potrebovali še več podatkov, kjer bi bilo 

število molekul cisplatina na celico pri elektroporiranih in neelektroporiranih celicah znotraj 

istega intervala, da bi lahko ugotovili ali je tudi v primeru celic B16F1 potrebno manjše 

število molekul cisplatina na celico v elektroporiranih celicah v primerjavi z 

neelektroporiranimi za doseganje isti ravni zmanjšanja celičnega preživetja. 

 

Elektroporacija lahko na več načinov vpliva na občutljivost celic za cisplatin, npr. preko 

nastanka reaktivnih kisikovih zvrsti, motnjami znotrajcelične homeostaze Ca2+ ali z 

izboljšanjem protirakavih lastnosti cisplatina zaradi spremembe strukture molekule. Od 

možnih učinkov elektroporacije na povečanje citotoksičnosti cisplatina smo v naši raziskavi 

raziskovali le vpliv visokonapetostnih električnih pulzov na strukturo cisplatina. Z 1H 

jedrsko magnetno resonančno 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 μs pulzom 

nismo opazili premikov vrhov, ki ustrezajo cisplatinu, niti novih vrhov, v primerjavi s 

spektrom cisplatina, ki ni bil izpostavljen električnim pulzom. Z masno spektrometrijo 

visoke ločljivosti smo opazili podobne fragmente v spektru cisplatina v vodi ali fiziološki 

raztopini, ki je bil ali ni bil izpostavljen visokonapetostnim električnim pulzom. Jedrska 

magnetna resonanca in masna spektrometrija visoke ločljivosti sta torej pokazali, da je 

struktura cisplatina ostala primerljiva pred in po izpostavitvi električnim pulzom pod pogoji, 

uporabljenimi v naših poskusih. 

 

V splošnem naši rezultati kažejo, da so nanosekundni pulzi s primerno izbranimi parametri 

primerni za uporabo v elektrokemoterapiji. Uporaba enako učinkovitih nanosekundnih 

pulzov povzroči enako zmanjšanje preživetja celic zaradi cisplatina in enako kopičenje 

cisplatina v celicah kot pri standardnih osmih 100 μs pulzih. Tako smo potrdili hipotezo, da 

elektroporacija z nanosekundnimi pulzi poveča količino cisplatina v celicah in posledično 

poveča njegov citotoksični učinek. Vendar pa rezultati v celicah CHO kažejo, da so v celično 

smrt po elektrokemoterapiji z nanosekundnimi pulzi vpleteni še drugi mehanizmi poleg 

povečanega znotrajceličnega kopičenja cisplatina. 

 

Če povzamemo, potrdili smo našo prvo hipotezo, da uporaba H-FIRE in nanosekundnih 

pulzov zmanjšuje elektrokemijske reakcije tudi, ko so parametri električnega polja 

(amplituda, pavza med pulzi, …) prilagojeni tako, da imajo enak biološki učinek kot daljši 

monopolarni pulzi. Naše druge hipoteze, da elektroporacija celic z različnimi oblikami 
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pulzov, ki vodijo v primerljivo permeabilizacijo celične membrane, povzroči primerljivo 

oksidacijo celičnih komponent, nismo mogli niti potrditi niti ovreči, 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 našo tretjo hipotezo, da 

elektroporacija z nanosekundnimi pulzi poveča količino kemoterapevtika v celici in 

posledično poveča tudi njegov citotoksični učinek. 
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ANNEX A 

 

Consent from publishers for the re-publication of Figure 1 from the journal article entitled 

Membrane Electroporation and Electropermeabilization: Mechanisms and Models
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