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arrhythmogenic cardiac tissue. Despite its broad applications, the regulation of 

transmembrane voltage following electroporation remains incompletely understood. 
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electroporation, and how these changes influence downstream cellular processes. It 

builds on three complementary studies. The first study examined alterations in TMV 

over 30 min after pulse exposure, demonstrating that post-pulse TMV dynamics are 
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integrated view of how electrical stress translates into functional and phenotypic cellular 

changes. By linking TMV regulation to ion channel activity, invasive behaviour, and 

pharmacological modulations, the findings extend the mechanistic understanding of 

electroporation and suggest novel opportunities for therapeutic modulation, particularly 

in the context of glioblastoma. 
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AI Elektroporacija je pojav, pri katerem pride do povečane prepustnosti celične membrane 

zaradi izpostavitve celic visokonapetostnim električnim pulzom. Pogosto se uporablja v 

medicini, med drugim pri elektrokemoterapiji, netermični ablaciji tumorjev ter v 

zadnjem času tudi pri ablaciji aritmogenega srčnega tkiva. Kljub široki uporabi pa 

regulacija transmembranske napetosti po elektroporaciji ostaja nepopolno pojasnjena. 

Namen te disertacije je bil raziskati spremembe in mehanizme transmembranske 

napetosti po elektroporaciji ter ugotoviti, kako te spremembe vplivajo na nadaljnje 

celične procese. Delo temelji na treh medsebojno dopolnjujočih se študijah. 

V prvi študiji smo preučevali spremembe transmembranske napetosti v času 30 minut 

po izpostavitvi celic električnemu pulzu in pokazali, da dinamiko teh sprememb 

uravnava tako neselektivni tok ionov, ki nastane zaradi povečane prepustnosti 

membrane, kot tudi aktivacija ionskih kanalov. V drugi študiji smo ovrednotili vpliv 

reverzibilne elektroporacije na primarne humane glioblastomske celice ter pokazali 

spremembe v invazivnem vedenju preživelih celic, pri čemer je bilo nakazano, da so v 

te prilagoditvene odzive vključeni tudi ionski kanali.V tretji študiji pa smo raziskovali 

vpliv lidokaina, modulatorja napetostno odvisnih natrijevih kanalov, na elektroporacijo 

in pokazali, da lahko lidokain vpliva na preživetje celic prek mehanizmov, ki presegajo 

zgolj modulacijo ionskih kanalov. Skupaj rezultati teh študij ponujajo poglobljen 

vpogled v to, kako izpostavitev električnemu polju vpliva na spremembe v celičnih 

procesih in odzivu celic po elektroporaciji. Z razkrivanjem povezav med regulacijo 

transmembranske napetosti, delovanjem ionskih kanalov, invazivnostjo celic in 

farmakološko modulacijo odzivov na izpostavitev celic električnemu polju, ugotovitve 

v doktorski nalogi poglabljajo dosedanje razumevanje mehanizmov elektroporacije. S 

tem se odpirajo nove možnosti za terapevtsko modulacijo, zlasti pri zdravljenju 

glioblastoma. 
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1 INTRODUCTION  

Understanding how cells generate and regulate electrical signals is essential for interpreting 

their behaviour in both physiological and non-physiological contexts. The transmembrane 

voltage (TMV) is a fundamental biophysical property that governs cellular homeostasis, signal 

transduction, and responsiveness to environmental stimuli. Additionally, supraphysiological 

TMV changes, induced by an external electric field, lead to the process of electroporation, 

which transiently disrupts membrane integrity and enhances molecular transport across the 

membrane. This introduction first outlines the fundamental principles of TMV generation and 

regulation under physiological conditions and highlights the connection between TMV and 

cellular responses. A detailed overview of electroporation mechanisms then follows, which 

describes how electroporation can affect the TMV dynamics through increased membrane 

permeability and ion channel activation. The chapter concludes by presenting the research 

objectives related to underpinning the mechanisms of electroporation-induced TMV changes 

and its downstream functional consequences, as well as exploring the effects of ion channel 

modulators on shaping electroporation outcomes. 

1.1 TRANSMEMBRANE VOLTAGE: GENERATION, MAINTENANCE AND 

CELLULAR RESPONSE 

1.1.1 Cellular electrophysiology 

The TMV refers to the difference in electric potential across the cell plasma membrane. Since 

an electric potential difference is by definition termed voltage, “transmembrane voltage” more 

accurately describes this physical quantity than the commonly used alternatives 

“transmembrane potential” or "membrane potential". Throughout the text, we thus use the term 

TMV. However, when referring to transient changes in TMV in excitable cells, known as 

“action potentials”, we retain this conventional term due to its established use in the literature.  

As a fundamental electrical property of all living cells, TMV plays a critical role in maintaining 

cellular function. TMV arises from the unequal distribution of ions, primarily sodium (Na+), 

potassium (K+), chloride (Cl-), and calcium (Ca2+), on either side of the plasma membrane and 

from the selective permeability of the membrane to these ions (Alberts, 2015; Kotnik et al., 

2019). By convention, the transmembrane voltage is measured from the inside towards the 

outside of the cell; thus, a negative TMV indicates that the cell interior is electrically more 

negative than the exterior. In normal physiological state, the TMV in cells at rest can range 

between approximately −95 mV and −10 mV, depending on the cell type and its cell cycle phase 

(Hille, 2001; Neuroscience, 2004; Wright, 2004).  

In non-excitable cells, TMV is involved in processes such as volume regulation, vesicle 

trafficking, and cell cycle progression, while in excitable cells (e.g., neurons, muscle and 

neuroendocrine cells), it is essential for action potential generation and electrical signalling. 

The interplay between ion gradients, membrane permeability, and cell signalling pathways 

enables TMV to serve as a sensitive indicator of the cell's physiological state and its response 

to changes in the intracellular and extracellular environment. Importantly, TMV also acts as a 
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regulatory signal influencing cellular behaviour (Blackiston et al., 2009; Hille, 2001; Sachs et 

al., 1974).Variations in TMV, whether transient or sustained, play a central role in regulating 

diverse aspects of cellular communication and adaptive responses, such as proliferation, 

differentiation, migration, and apoptosis (Alberts, 2015; Blackiston et al., 2009; Hille, 2001). 

1.1.2 Cellular mechanisms of TMV generation and maintenance  

The resting TMV is established and maintained through a combination of active and passive 

mechanisms. Central to this process is the sodium/potassium ATPase (Na⁺/K⁺-ATPase), which 

actively transports three sodium ions (Na+) out of the cell and two potassium ions (K+) in, 

consuming adenosine triphosphate (ATP) and generating a net negative charge inside the cell. 

This pump creates the electrochemical gradients that serve as the foundation for TMV. 

Additionally, the selective permeability of the membrane, particularly to potassium ions (K+), 

plays an important role in setting the resting TMV. Potassium leak channels allow potassium 

ions (K+) to move out of the cell down its concentration gradient, leaving behind negatively 

charged intracellular compartments, which contribute to the negative resting TMV, shown in 

Figure 1 (Alberts, 2015; Kotnik et al., 2019; Wright, 2004). 

 

Figure 1: Membrane transport mechanisms underlying the resting TMV. The Na⁺/K⁺-ATPase maintains ionic 

gradients by exporting three Na⁺ ions and importing two K⁺ ions for each ATP molecule consumed. Additionally, 

passive efflux of K⁺ through potassium-leak channels also contributes to the negative resting TMV. Although 

membrane permeability to Na⁺ is low at rest, a minor inward sodium current may still occur. Created in BioRender. 

Another important mechanism involves inwardly rectifying potassium (Kir) channels, which 

favour inward over outward potassium movement. They conduct efficiently during membrane 

hyperpolarization, allow limited outward current near the resting TMV, and become 

progressively blocked at more depolarized voltages. Through this voltage-dependent behaviour, 

Kir channels help stabilize the resting TMV and counteract depolarizing shifts (Alberts, 2015; 

Hille, 2001; Kotnik et al., 2019; Wright, 2004).  

The resting TMV is most accurately described by the Goldman–Hodgkin–Katz equation: 

 ∆𝑉𝑚 =
𝑅𝑇

𝐹
𝑙𝑛  (

𝑃
𝐾+  [𝐾+]𝑜+ 𝑃

𝑁𝑎+ [𝑁𝑎+]𝑜+ 𝑃𝐶𝑙−[𝐶𝑙−]𝑜

𝑃𝐾+[𝐾+]𝑖 + 𝑃𝑁𝑎+ [𝑁𝑎+]𝑖+ 𝑃𝐶𝑙− [𝐶𝑙−]𝑖
)  … (1) 
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In this equation, the following symbols are used:  

 

Vm resting transmembrane voltage (V), 

Px  relative membrane permeability for the major ions — K+, Na+ and Cl-,                       

[X]i  intracellular concentration of these ions — K+, Na+ and Cl- (mM),   

[X]o extracellular concentration of these ions — K+, Na+ and Cl- (mM),   

R universal gas constant (8.314 J/(K·mol)),  

T  absolute temperature (K),  

F  Faraday constant (96485 C/mol). 

Whereas the Nernst equation defines the equilibrium TMV for a single ion species, the 

Goldman–Hodgkin–Katz equation integrates the contributions of several ions and thus provides 

a quantitative description of the resting TMV (Hille, 2001). Because the membrane at rest is 

most permeable to potassium ions (K+), the potassium gradient has the strongest influence on 

the resting TMV, while the contributions of sodium (Na+) and chloride (Cl-) ions are less 

pronounced. Under resting conditions, the contribution of calcium ions (Ca2+) is considered 

negligible because of its considerably lower extracellular and cytoplasmic concentrations 

compared with sodium (Na+), potassium (K+), and chloride (Cl-) ions. Nevertheless, calcium 

plays a crucial role in intra- and intercellular communication, and it therefore serves as a second 

messenger. 

The electrical properties of the plasma membrane are shaped by both its capacitance and 

resistance. Membrane capacitance, determined by the insulating nature of the lipid bilayer, 

influences the amount of charge required to change the TMV. In contrast, membrane resistance 

is governed primarily by the number and functional state of ion channels, which control the 

ease and speed of ion flow across the membrane. Together, these parameters regulate the 

dynamics and help stabilize the resting TMV. This stability is essential for maintaining the 

responsiveness of the cell to external signals, preserving internal homeostasis, and ensuring 

efficient transport and signal transduction (Hille, 2001; Neuroscience, 2004; Wright, 2004). 

1.1.3 Cellular responses to changes in TMV  

TMV is not only a passive electrical property but also a critical regulator of cellular activity. 

The most rapid and well-characterized changes in TMV are known as action potentials, which 

are the foundation of electrical signalling in excitable cells such as neurons, muscle and 

neuroendocrine cells. These brief, transient voltage spikes result from the coordinated opening 

and closing of voltage-gated ion channels, particularly those for sodium (Na+), potassium (K+), 

and calcium (Ca2+) ions. Action potentials enable fast, long-distance communication within and 

between tissues, allowing for essential physiological functions such as nerve conduction, 

muscle contraction, and cardiac rhythm regulation. The timing of these events is tightly linked 

to the precise regulation of TMV, highlighting its central role in excitable tissue function 

(Armstrong and Hille, 1998; Hille, 2001). 
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Beyond rapid electrical signals, sustained or gradual changes in TMV can significantly 

influence cellular behaviour. In proliferating cells, membrane depolarization is often linked to 

cell cycle entry (Blackiston et al., 2009; Sachs et al., 1974; Yang and Brackenbury, 2013),  

while hyperpolarization is typically associated with cell cycle exit or differentiation (Sachs et 

al., 1974; Sundelacruz et al., 2009). During apoptosis, TMV destabilizes, and shifts in ion 

concentrations, particularly the efflux of potassium ions (K+) and the influx of calcium ions 

(Ca2+), act as early signals that initiate downstream cell death pathways. These voltage-

dependent mechanisms highlight the importance of TMV in processes ranging from fast cellular 

signalling to long-term regulation of gene expression, metabolic processes, and signal 

transduction (Blackiston et al., 2009; Bortner and Cidlowski, 2007; Franco et al., 2006). 

TMV also contributes to the control of cell migration and polarity, especially in dynamic 

processes like embryonic development, wound healing and tumour migration. Electrical 

gradients across tissues or within the local environment can direct cell orientation and 

movement, in part through their influence on cytoskeletal dynamics and ion transport at the 

leading and trailing edges of migrating cells (McCaig et al., 2009; Schwab and Stock, 2014; 

Zhao, 2009). 

In the context of cancer, persistent membrane depolarization has been increasingly linked to a 

more invasive and metastatic phenotype. Depolarized TMV can promote epithelial-to-

mesenchymal transition, enhance motility, and increase extracellular matrix remodelling, 

thereby facilitating tumour progression. These effects are often mediated or modulated by 

specific ion channels, which play critical roles in regulating cell volume, intracellular pH, and 

focal adhesion turnover — key processes in cellular invasion (Yang and Brackenbury, 2013). 

More broadly, ion channels serve as essential integrators of intracellular and environmental 

signals, linking TMV fluctuations with diverse downstream responses. They regulate electrical 

excitability as well as key aspects of cell fate decisions, intercellular communication, and 

adaptive responses to stress. Dysregulation of ion channel expression or function is increasingly 

associated with pathological conditions, including cancer, neurodegeneration, epilepsy, and 

cardiovascular diseases (Amin et al., 2010; Lerche et al., 2013; Yang and Brackenbury, 2013). 

Together, these observations emphasize that TMV is not only an electrical gradient, but a 

dynamic signalling pathway shaped by ion channel activity. Given its central role in regulating 

cellular function, external modulation, such as with electroporation, may profoundly affect cell 

behaviour and viability. 

1.2 ELECTROPORATION AND ITS MOLECULAR MECHANISMS 

Electroporation, also called electropermeabilization, is associated with the transient disruption 

of the cell membrane integrity caused by a strong electric field. Electroporation is a versatile 

technique applicable to virtually all cell types, including eukaryotic cells, bacteria, and archaea 

(Rems and Miklavčič, 2016). The cell membrane electrically behaves as a thin dielectric sheet; 

thus, exposure to an electric field induces a TMV, which, when sufficiently high, promotes the 

formation of nanoscale membrane defects or pores that increase the transport of ions and 
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various molecules (including dyes, antibodies, oligonucleotides, ribonucleic acid – RNA and 

deoxyribonucleic acid – DNA) across the cell membrane (Kotnik et al., 2019). In eukaryotic 

cells, the resting TMV typically ranges from -10 to -95 mV (depending on the cell type); 

meaning that the cell interior is electrically more negative than its exterior (Hille, 2001; 

Neuroscience, 2004). However, during electric field exposure, the induced voltage can exceed 

hundreds of millivolts, leading to structural perturbations in the cell membrane (Benz and 

Zimmermann, 1980). Whether electroporation is reversible or irreversible depends on the pulse 

parameters — electric field strength, duration, number, and frequency of the applied electric 

pulses, as well as other experimental factors. In reversible electroporation, cells recover and 

remain viable, while in irreversible electroporation, membrane damage leads to loss of 

homeostasis and cell death, as presented in Figure 2 (Kotnik et al., 2019). 

 

Figure 2: Schematic representation of electroporation – induced effects, including lipid pore formation in the cell 

membrane, lipid oxidation, disruption of the cytoskeleton, and protein damage. The outcome of electroporation, 

whether reversible or irreversible, depends on multiple parameters. Created in BioRender. 

Electroporation can be achieved with pulses of various shapes and durations. Most often, 

monophasic or biphasic rectangular pulses are used, although exponentially decaying, 

sinusoidal, and triangular pulses achieve electroporation as well (Kotnik et al., 2003). The pulse 

duration can range from hundreds of picoseconds to hundreds of milliseconds. Important pulse 

parameters influencing electroporation also include pulse number and repetition rate. The 

extent of membrane permeabilization generally increases with electric field strength, pulse 

duration and the number of pulses, shifting the outcome from reversible towards irreversible 

electroporation (Rems and Miklavčič, 2016).  

Electroporation induces effects on the membrane, including oxidative damage to membrane 

lipids, cytoskeletal disruptions, and modifications of transmembrane proteins (Kotnik et al., 

2019; Vižintin and Miklavčič, 2022). This section outlines the fundamental mechanisms of 

electroporation, beginning with pore formation in the lipid bilayer and further addressing 

changes to membrane lipids, the cytoskeleton, and proteins, as illustrated in Figure 2. 
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1.2.1 Molecular mechanisms of electroporation 

Historically, the first suggested mechanism underlying electroporation-induced membrane 

permeability was the formation of aqueous pores in the lipid bilayer (Neumann et al., 1982). 

When a cell is exposed to an external electric field, the TMV increases in absolute value due to 

the build-up of charged ions at the two sides of the cell membrane. If the TMV exceeds a certain 

value (reported between 0.2 and 1 V) (Tsong, 1991), pores are formed in the lipid bilayer and 

its permeability transiently increases. Molecular dynamics simulations reveal that pore 

formation begins with the alignment of water dipoles in the direction of the electric field, a 

process that occurs within picoseconds. This rapid molecular rearrangement is followed by a 

charge redistribution on both sides of the cell membrane. Water molecules then form hydrogen-

bonded clusters, termed water fingers (Figure 3, b), which penetrate the hydrophobic core of 

the lipid bilayer from both intracellular and extracellular sides. As these structures grow, they 

eventually connect and form a continuous water column spanning the membrane (Figure 3, c). 

As a result, phospholipids reorganize themselves, orienting their polar head groups toward the 

water column to stabilize the pore structure and enable molecular transport (Casciola and Tarek, 

2016; Vernier et al., 2013). Pore formation has also been experimentally visualized using TIRF 

microscopy in lipid bilayers (Sengel and Wallace, 2016), and more recently in cell membranes 

following the application of millisecond pulses (Silkunas et al., 2024). However, the exact 

nature and origin of these pores, whether they arise within the lipid bilayer or involve other 

membrane components, remains to be elucidated.  

 

Figure 3: Molecular dynamics simulation of pore formation in a POPC bilayer. Water molecules (red/white), 

phosphorus (gold) and nitrogen (blue) atoms of the headgroups, and phospholipid acyl oxygens (gray) are shown; 

hydrocarbon chains are omitted for clarity. Electric field exposure triggers water entry into the bilayer (b), followed 

by its extension across the membrane (c), ultimately resulting in a hydrophilic pore stabilized by aligned 

headgroups (d). Complete pore formation occurs within 5 ns (Vernier et al., 2013). 

To better understand the mechanisms of electroporation on a molecular and cellular level, it is 

important to emphasize that different processes are understood by the term electroporation, as 

discussed for many years (Abidor et al., 1993; Kinosita and Tsong, 1979; Pavlin et al., 2007; 

Pucihar et al., 2008; Teissié and Ramos, 1998; Weaver and Chizmadzhev, 1996) and then 

clearly experimentally demonstrated in 2015, when carefully designed electrophysiological 
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measurements were able to distinguish between transient electroporation and long-term 

sustained permeabilization of the cell membrane (Wegner et al., 2015). For the transient 

electroporation (detected during pulse application and within ~100 ms after the pulse), the 

researchers suggested that it is well explained by the classical electroporation theory – the 

formation of pores in the lipid domains of the cell membrane. On the contrary, the underlying 

mechanisms for sustained permeabilization, as well as prolonged membrane depolarization, 

occurring minutes after the pulse delivery, remain poorly understood and are likely to involve 

lipid oxidation, membrane protein damage, cytoskeletal rearrangement, enhanced endocytotic-

like processes and the activation of ion channels and/or other membrane proteins (Burke et al., 

2017; Dermol-Černe et al., 2018; Kotnik et al., 2019; Wegner et al., 2015). 

The recovery of the membrane following electroporation is governed by mechanisms more 

complex than those predicted by existing theoretical models. While molecular dynamics 

simulations suggest that pores close within nanoseconds (Vernier et al., 2013), experimental 

studies show that increased membrane permeability can persist for minutes to hours after 

treatment (Dermol-Černe et al., 2018; Lopez et al., 1988; Pakhomov et al., 2007a). This 

prolonged duration varies with temperature and pulse parameters (Lopez et al., 1988; Pucihar 

et al., 2008), suggesting that additional biological processes contribute to membrane resealing, 

stabilization, and overall cellular recovery.  

Extended membrane permeability following electroporation is accompanied by significant 

disruptions in ion homeostasis. The resulting influx of calcium (Ca2+) and sodium (Na+) ions, 

along with efflux of potassium (K+) ions and ATP, alter TMV, trigger depolarization, and 

disturb osmotic balance, often leading to cell swelling. Beyond these immediate effects, 

electroporation initiates a broader cellular response known as the electropermeome, which 

includes the release of damage-associated molecular pattern molecules, activating signalling 

pathways, changes in gene expression, and initiating repair mechanisms. Together, these 

processes shape how cells respond to electroporation, determining whether they recover or 

undergo further stress-related changes (Vižintin and Miklavčič, 2022). 

While some cells recover after electroporation, the molecular determinants that drive others 

toward cell death are still not fully elucidated (Batista Napotnik et al., 2021). Gene expression 

profiling has revealed that electroporation triggers a time-dependent sequence of cellular 

responses: genes associated with cell injury are activated immediately, followed by transient 

upregulation of apoptotic markers within hours, and later by expression of genes related to 

inflammation, regeneration, and immunogenic forms of cell death (Ringel-Scaia et al., 2019). 

A parallel in vitro study using viability, membrane integrity, and apoptosis assays further 

confirmed that the onset and type of cell death depend not only on pulse parameters but also on 

the specific cell type and timing of assessment (Peng et al., 2024). Together, these findings 

emphasize that electroporation-induced cell death or recovery is a dynamic, multistep process, 

shaped by both early biophysical damage and delayed cellular responses. 
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1.2.2 Chemical effects on the membrane lipids 

The impact of electroporation on membrane lipids is an important aspect of the broader cellular 

response. Exposure to electric pulses during electroporation can generate reactive oxygen 

species (ROS), which may contribute to lipid oxidation and subsequent changes in membrane 

structure and function (Gabriel and Teissié, 1994). The cell membrane is composed of a 

phospholipid bilayer, embedded with proteins, sterols (such as cholesterol), and other 

biomolecules, all of which can be affected by oxidative stress (Kotnik et al., 2019). 

The oxidation of membrane lipids, commonly referred to as lipid peroxidation, has been 

proposed as one of the mechanisms underlying prolonged membrane permeability following 

electroporation. During this process, lipid hydroperoxides are formed as primary products, 

which can further degrade into secondary reactive species, including aldehydes, ketones, 

alcohols, hydrocarbons, esters, furans, lactones, and peroxides (Balantič et al., 2023). These 

byproducts can interact not only with lipids but also with proteins, DNA, and other cellular 

structures, potentially contributing to broader functional alterations. 

Although molecular dynamics simulations suggest that lipid hydroperoxides contribute to 

membrane destabilization, this may not fully account for the extent of electroporation-induced 

permeabilization observed experimentally (Rems et al., 2019). More recent studies have shown 

that secondary oxidation products, particularly lipid aldehydes, can accumulate at sufficient 

concentrations to directly induce pore formation, thereby providing a mechanistic link between 

oxidative damage and sustained membrane permeability (Wiczew et al., 2021). 

In addition to phospholipids, sterols, particularly cholesterol, play a critical role in maintaining 

membrane integrity and organization. Cholesterol regulates lipid packing, contributes to 

membrane rigidity at physiological temperatures, and modulates the diffusion of water, ions, 

and small molecules (Chakraborty et al., 2020). Oxidation of cholesterol, either enzymatic or 

ROS-mediated, alters its structural and functional properties. The resulting oxidized 

derivatives, known as oxysterols, affect membrane behaviour differently depending on their 

specific modifications. For example, oxysterols with oxidized tails tend to reduce bilayer 

condensation while preserving overall membrane structure, whereas those with an oxidized 

tetracyclic ring have a more pronounced effect on membrane fluidity and permeability by 

disturbing phospholipid tail arrangement (Maxfield and Tabas, 2005). 

Supporting the relevance of sterol oxidation in electroporation, it was demonstrated that the 

formation of oxysterols increases with the number of applied pulses, suggesting a dose-

dependent relationship between electroporation intensity and cholesterol oxidation 

(Kaźmierska et al., 2012). This finding reinforces the notion that electroporation-induced 

oxidative processes may contribute to long-lasting changes in membrane permeabilization. 

1.2.3 Cytoskeletal disruption and its consequences 

Electroporation affects not only the plasma membrane but also internal cellular structures, 

including the cytoskeleton. This highly dynamic network, including actin filaments, 
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microtubules, and intermediate filaments, plays a critical role in maintaining cellular 

architecture, mechanical stability, intracellular transport, and membrane-cytoskeleton 

interactions. Experimental observations indicate that all major cytoskeletal components 

undergo transient structural disruptions upon exposure to electroporation pulses, with recovery 

occurring within a few hours (Graybill and Davalos, 2020; Kotnik et al., 2019). 

The precise mechanisms behind this disruption remain under investigation. While some studies 

suggest that depolymerization of filamentous structures is secondary to ATP leakage, calcium 

(Ca2+) ions influx, or cell swelling (Xiao et al., 2011), others provide evidence for a direct 

impact of the electric field on cytoskeletal proteins (Perrier et al., 2019). Disruption of cortical 

actin significantly decreases membrane stiffness following electroporation, attributed not only 

to filament breakdown but also to weakened attachment of actin to the membrane (Chopinet et 

al., 2014). 

Within the cytoplasm, electroporation can disturb the structure and function of proteins 

involved in homeostasis, such as cytoskeletal elements, chaperones, and metabolic enzymes 

(Graybill and Davalos, 2020). Molecular dynamics (MD) simulations and experimental data 

(11 ns long pulses, 20 kV/cm, 1 Hz) suggest that nanosecond pulses can modify the 

conformation of β-tubulin and disrupt the interaction between tubulin and motor proteins like 

kinesin, potentially affecting intracellular trafficking and cell division (Chafai et al., 2019; 

Marracino et al., 2019). However, the simulated electric field is higher than typically used for 

electroporating cells.  

Collectively, these findings emphasize that cytoskeletal disruption is a complex and 

multifactorial process, influenced by both the direct effects of the electric field and secondary 

consequences resulting from membrane permeabilization. This cytoskeletal disruption can 

compromise cell shape, mechanical properties, intracellular organization, and recovery 

capacity, making it a key aspect of the broader cellular response to electroporation. 

1.2.4 Effects on the membrane proteins and their function 

Exposure to pulses used for electroporation can activate or disable certain membrane proteins, 

including ion channels and transporters (Burke et al., 2017; Teissie and Tsong, 1980), which 

are essential for regulating ion gradients, signal transduction, and molecular transport. For 

instance, electric field strengths required to achieve electroporation are typically higher than 

those required for activation of voltage-gated sodium channels and the triggering of action 

potentials. Thus, electroporation treatments are often accompanied by pain and muscle 

contraction due to unwanted stimulation of nerves that are in the vicinity of the treated area 

(Cvetkoska et al., 2023). Electric field exposure can also trigger the opening of voltage-gated 

calcium channels, leading to a rapid influx of calcium (Ca2+) ions and activation of downstream 

signalling pathways (Burke et al., 2017; Casciola et al., 2017, 2019; Craviso et al., 2010; Kotnik 

et al., 2019; Muratori et al., 2017; Pakhomov et al., 2017; Semenov et al., 2015a, 2015b). Apart 

from voltage-gated ion channels, many membrane proteins exhibit voltage sensitivity 

(Kasimova et al., 2018); thus, we can presume that their function could also be modulated 

during electroporation as well. 
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Additionally, the intense electric field used for electroporation can cause structural damage to 

membrane proteins. Electrophysiological measurements suggest that strong electric fields can 

induce electroconformational changes in voltage-gated ion channels (Chen W. and Lee, 1994a), 

leading to reduced channel conductance (Chen W. and Lee, 1994b; Nesin and Pakhomov, 

2012). This has been reported for both sodium and potassium channels, occurring at field 

strengths above those required for electroporation but still below the thresholds for thermal 

injury (Chen W. et al., 1998). In this context, the disruption of ion channel function is 

considered a crucial mechanism of electrical injury, particularly in excitable tissues, where 

impaired excitability and altered ionic selectivity may persist long after the pulse has ended. A 

growing body of experimental studies shows that exposure to electroporating electric fields 

perturbs the function of certain types of ion channels (Azarov et al., 2019; Burke et al., 2017; 

Casciola et al., 2017, 2019; Chen W. and Lee, 1994b, 1994a; Chen W. et al., 1998; Craviso et 

al., 2010; Hristov et al., 2018; Huang et al., 2013; Muratori et al., 2017; Nesin and Pakhomov, 

2012; Nesin et al., 2012; Pakhomov et al., 2017; Semenov et al., 2015a; Wang et al., 2009) as 

well as sodium-potassium ATPase (Teissie and Tsong, 1980). 

Recent molecular dynamics simulations have revealed that the TMV induced by electroporating 

pulses can trigger pore formation not only in lipid bilayers but also within the voltage-sensing 

domains (VSDs) of voltage-gated ion channels (Rems et al., 2020; Ruiz-Fernández et al., 2021, 

2023), as shown in Figure 4. These protein-associated pores — formed by lipid headgroup 

reorientation around destabilized VSD helices — tend to be more stable than lipid-only pores, 

providing an additional mechanism contributing to the persistent increase in membrane 

permeability associated with electroporation. While these denatured channels can contribute to 

the leak current across the permeabilized membrane, they also likely become dysfunctional, 

thereby altering voltage-dependent currents. This mechanistic insight is supported by various 

electrophysiological measurements (Chen W. and Lee, 1994b, 1994a, 1994a; Chen W. and Wu, 

2006; Chen W. et al., 1998, 2006; Hristov et al., 2018; Nesin and Pakhomov, 2012; Nesin et 

al., 2012; Yang et al., 2017).  

Together, these findings underscore the dual nature of electric field effects on membrane 

proteins, where low to moderate fields may lead to (electro)physiological ion channel 

activation, but stronger fields may cause functional damage of ion channels and contribute to 

long-lasting physiological disruptions. 
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Figure 4: Voltage-gated ion channels as protein targets of pulsed electric fields: insights from molecular dynamics 

simulations. (A) Simplified schematic of a single subunit of a voltage-gated ion channel, showing the six 

transmembrane helices (S1–S6). The voltage-sensing domain (VSD) includes helices S1–S4, with S4 carrying 

positively charged residues that respond to transmembrane voltage changes. (B) Side view and extracellular view 

of the NaVMs channel, indicating the segments of a single subunit: VSD (S1–S4) coloured in red, S5 together with 

S4–S5 linker in green, pore helix coloured in blue, and S6 in ochre. (C) Schematic representations of pore types 

observed in simulations: lipid pores, pores formed within the VSD, and complex pores involving both protein and 

lipid components. Simulations showed that VSD pores form when lipid headgroups penetrate and stabilize the 

disrupted helical structure, allowing ion conduction through the VSD. Notably, such VSD-associated pores 

appeared more stable than lipid pores. These MD findings provide a mechanistic explanation for experimental 

observations that electric fields can modulate or disrupt voltage-gated ion channel function. Figure 4 was 

assembled and adapted based on Figures 1 and 2 from Rems et al., 2020.  

1.3 APPLICATIONS OF ELECTROPORATION 

Electroporation, which can temporarily increase cell membrane permeability, is utilized across 

various fields for multiple applications. In biotechnology, it enables electro-transformation, 

microbial inactivation, biomolecule extraction, and accelerated biomass drying (Kotnik et al., 

2015). It also plays a significant role in the food industry, where it enhances juice extraction, 

improves recovery of valuable compounds, and optimizes processes such as dehydration, 

cryopreservation, biorefinery applications, and meat processing (Mahnič-Kalamiza et al., 

2014). 

In the field of medicine, electroporation has introduced new therapeutic possibilities known as 

gene electrotransfer, electrochemotherapy, and non-thermal tissue ablation using irreversible 

electroporation (Chun et al., 2024; Geboers et al., 2020; Lambricht et al., 2016; Sardesai and 

Weiner, 2011; Sugrue et al., 2018; Yarmush et al., 2014). Its precision and minimally invasive 

nature have contributed to its growing use in clinical settings. The following sections explore 

electroporation-based medical applications, highlighting their underlying mechanisms, clinical 

advantages, and evolving therapeutic potential. 
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1.3.1 Electrochemotherapy (ECT) 

Electrochemotherapy (ECT) combines chemotherapeutic agents, such as bleomycin or 

cisplatin, with electroporation to enhance intracellular drug accumulation and thereby increase 

drug cytotoxicity. ECT treatment is performed at moderate electric field strengths to achieve 

permeabilization while retaining high cell viability. In addition to its primary effect (i.e., 

enhanced chemotherapeutic uptake), ECT involves vascular changes and immune responses, 

contributing to long-lasting tumour protection (Bianchi et al., 2016; Kesar et al., 2023). In 

electroporation-based treatments, ECT was the first to reach clinical trials for melanoma, 

squamous cell carcinoma and basal cell carcinoma (Mir et al., 2006). Currently, it is 

implemented for the treatment of cutaneous and subcutaneous tumours in over 200 clinical 

institutions in the EU and is increasingly used for the treatment of deep-seated tumours, such 

as liver metastases (Geboers et al., 2020).  

1.3.2 Gene electrotransfer (GET) 

Gene electrotransfer (GET) is a non-viral method for introducing foreign nucleic acids into 

cells, enabling genetic modification without the use of viral vectors or chemical carriers. This 

technique has shown considerable promise due to its adaptability, efficiency, and cost-

effectiveness (Geboers et al., 2020; Lambricht et al., 2016). It typically involves the application 

of monopolar millisecond (ms) electric pulses, which transiently increase cell membrane 

permeability and simultaneously generate an electrophoretic force driving negatively charged 

nucleic acids toward the membrane — thereby enhancing their uptake. Nevertheless, other 

types of pulses have been shown to achieve efficient GET (Potočnik et al., 2022). Although not 

yet part of standard clinical practice, GET is being actively investigated in over 100 clinical 

trials, particularly in the fields of cancer gene therapy and vaccine development. 

1.3.3 Non-thermal ablation 

Irreversible electroporation (IRE) is a non-thermal tumour ablation method that uses high-

voltage electric pulses to induce cell death. Unlike thermal techniques, IRE preserves nearby 

critical structures such as blood vessels, bile ducts, and nerves, making it suitable for treating  

tumours in anatomically sensitive areas (Aycock and Davalos, 2019; Zhang et al., 2022). 

Clinically, IRE has been used to treat tumours in the liver, pancreas, kidney, and prostate 

(Aycock and Davalos, 2019; Ruarus et al., 2018). Additionally, IRE has established its potential 

role in the treatment of brain tumours, with encouraging results reported in preclinical animal 

models (Latouche et al., 2018; Rossmeisl et al., 2015).  

Beyond oncology, the principles of IRE have also been adapted for use in cardiology through 

pulsed field ablation (PFA), a non-thermal approach to target abnormal heart tissue. PFA is 

recognized for its precision and safety, particularly in treating atrial fibrillation, as it minimizes 

damage to adjacent structures such as the oesophagus, phrenic nerve, and pulmonary veins, 

structures often at risk with traditional thermal methods like radiofrequency and cryoablation 

(Ekanem et al., 2024; Howard et al., 2020). Approved by the U.S. FDA in December 2023 and 

used in Europe since 2021 (Schmidt et al., 2023), PFA has demonstrated effective arrhythmia 
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control with minimal side effects. Its use in cardiology is expanding to treat various 

arrhythmias, including ventricular fibrillation, septal ablation, targeting the Purkinje network. 

Currently, PFA is rapidly emerging as a preferred technique for cardiac ablation (Chun et al., 

2024). 

1.4 RESEARCH OBJECTIVES 

When a cell is exposed to an external electric field, the lipid bilayer behaves as a capacitor, 

resulting in rapid accumulation of charged ions on both sides of the membrane and a 

corresponding increase in TMV. This induced TMV develops with a characteristic membrane 

charging time (𝜏𝑚), which ranges from hundreds of nanoseconds to microseconds, depending 

on cell geometry and conductivity of the extracellular and intracellular media, and persists only 

during the presence of the external field (Kotnik et al., 2010; Pucihar et al., 2009). For an 

isolated spherical cell placed in a homogenous electric field, the induced TMV (∆𝑉𝑚) can be 

estimated using Schwan’s equation: 

 

 ∆𝑉𝑚 =
3

2
𝐸𝑅𝑐𝑒𝑙𝑙 cos 𝜃 (1 − 𝑒𝑥𝑝(−𝑡/𝜏𝑚))  … (2) 

 

In this equation, the following symbols are used:  

 

∆Vm induced transmembrane voltage (V), 

E applied electric field strength (V/m), 

Rcell  cell radius (m),               

𝜃  angle between the direction of the electric field and the point on the cell membrane, 

t time after electric field onset (s), 

𝜏𝑚 membrane charging time constant (s). 

Equation (2) has been derived in a spherical coordinate system, where θ is the angle measured 

from the centre of the cell with respect to the direction of the electric field. As can be seen from 

equation (2), the induced TMV is proportional to the applied electric field strength and cell 

radius. Furthermore, it has the highest absolute values at the poles where the electric field is 

parallel to the membrane normal, i.e., at θ = 0˚ and θ = 180˚ (the “poles” of the cell) and in-

between these poles it varies proportionally to the cosine of θ. It should be noted that the 

induced TMV is superimposed on the resting TMV. If the absolute value of TMV exceeds a 

critical threshold — typically between 0.2 and 1 V (Tsong, 1991) — transient aqueous pores 

form in the membrane, enabling nonselective transport of ions and molecules across the 

membrane and causing a rapid loss of membrane barrier function. This phenomenon is central 

to electroporation. Although the induced TMV dissipates rapidly after pulse exposure on the 

timescale of membrane discharge, the resulting increase in membrane permeability and its 

physiological consequences can persist considerably longer after the external field is removed 

(Kotnik et al., 2010, 2019). These consequences include the disruption of ionic gradients and 

consequently membrane depolarization. In other words, the TMV remains perturbed beyond 

the electric field exposure.  
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Several studies have investigated the dynamics of TMV change and recovery following 

exposure to intense pulsed electric fields. Electrophysiological recordings have shown that  

non-excitable cells require over 15 minutes to recover their resting TMV following exposure to 

nanosecond electric pulses (Pakhomov et al., 2007b). Similarly, prolonged membrane 

depolarization, lasting even more than 30 minutes, has been observed after exposure to pulses 

ranging from 10 ns to 10 ms in various cell types using a potentiometric dye (Dermol-Černe et 

al., 2018). Membrane depolarization and altered generation of action potentials have also been 

shown in cultured neurons (Pakhomov et al., 2017), primary cardiomyocytes (Chaigne et al., 

2022; Neunlist and Tung, 1997), and cardiac tissue (Nikolski and Efimov, 2005). Initially, the 

observed membrane depolarization was mainly attributed to the nonselective leak current 

through pores formed in the plasma membrane by the electric field. Then, subsequent 

experiments in U-87 glioblastoma cells demonstrated that ion channels play an important role 

in prolonged membrane depolarization; by blocking different ion channels (voltage-gated 

potassium, calcium and TRPM8 channels) with drugs, it was possible to significantly inhibit 

membrane depolarization following exposure to a single 10 ns, 34 kV/cm pulse (Burke et al., 

2017).  

Understanding the mechanisms of TMV regulation after electroporation is important to 

decipher the functional response of cells to electroporation, since TMV acts as a critical 

regulator of cellular activity, as explained in Section 1.1.3. To this end, it is also crucial to 

develop a suitable methodology for monitoring prolonged changes in TMV due to 

electroporation. The patch clamp technique remains the gold standard for directly measuring 

TMV with high precision (Liu and Miller, 2020). However, it is an invasive and time-

consuming (Liu and Miller, 2020), but its application in electroporation research is limited due 

to gigaseal disruption by high-voltage pulses and restrictions in pulse parameters that can be 

delivered without damaging the patch clamp amplifiers (Pakhomov et al., 2007a, 2009; Wegner 

et al., 2015). Voltage-sensitive dyes have been developed to allow non-invasive, real-time 

monitoring of TMV dynamics. These dyes were first introduced in the 1970s and have since 

been refined to improve their sensitivity, speed, and compatibility with various imaging 

modalities (Cohen et al., 1974; Ross et al., 1977). Based on their response mechanism, 

potentiometric dyes are generally divided into two classes: (i) slow-response dyes, which are 

translocated across the membrane via an electrophoretic mechanism altering their fluorescence, 

and (ii) fast-response dyes, which incorporate into the membrane and exhibit TMV-mediated 

fluorescence changes. The fast dyes typically operate through electric field-induced spectral 

shifts and voltage-dependent orientation or dimerization when bound to the membrane 

(Nikolaev et al., 2023). Compared to patch clamp, these optical techniques enable high-

throughput, spatially resolved assessment of TMV changes across cell populations, making 

them especially useful in electroporation studies. Nevertheless, the measurements can be 

influenced by membrane damage, dye redistribution, and photobleaching, which must be 

carefully considered during experimental design (Jensen, 2012). 

If ion channels play an important role in TMV regulation after electroporation, it is of particular 

interest to explore whether electroporation changes the ion channel expression profile and alters 

cells at a functional level. Electroporation has been shown to cause either downregulation or 
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upregulation of crucial sarco/endoplasmic reticulum Ca2+-ATPase and Na+,K+-ATPase 

isoforms in a cardiac cell line H9c2 (Jan et al., 2024). Additionally, it is important to evaluate 

how ion channel modulators may influence the cellular responses to electroporation. 

Understanding this influence is essential not only for elucidating the mechanisms governing 

TMV regulation but also has clinical relevance – particularly in patients receiving ion channel-

targeting drugs such as sodium or calcium channel blockers (Lei et al., 2018; Moller and 

Covino, 1988; Pan et al., 2020). The presence of such pharmacological agents could potentially 

alter TMV dynamics, calcium uptake, or membrane permeability, and consequently cell 

viability following electroporation. 

Given the background above, the following three objectives were defined within the disposition 

of the doctoral dissertation: 

→ Objective I: To identify potentiometric dyes for monitoring transmembrane voltage 

alterations following electroporation using fluorescence microscopy.  

→ Objective II: To assess the influence of ion channel modulators on changes in 

transmembrane voltage and associated cell responses after electroporation and vice versa. 

→ Objective III: To identify whether and how electroporation induces changes in the 

expression of ion channels and/or pumps. 

Objective I was addressed in the first publication titled: “Long-term changes in 

transmembrane voltage after electroporation are governed by the interplay between 

nonselective leak current and ion channel activation”. While this study primarily focused on 

characterizing the dynamics of TMV restoration up to 30 minutes after electroporation, we 

performed measurements with three fluorescent dyes: the slow-response FMP dye and two fast-

response dyes, ElectroFluor630 and FluoVolt. We identified limitations of all tested dyes but 

found the slow-response FMP dye most suitable under our experimental conditions.  

Objective II was partially addressed in the first publication, where we used inhibitors of 

voltage-gated calcium channels and calcium-activated potassium (KCa) channels, together with 

a theoretical model, to demonstrate that the TMV dynamics in U-87 MG glioblastoma cells are 

governed by activation of KCa channels after electroporation. Objective II was further 

addressed in the third publication, “Reassessing lidocaine as an electroporation sensitizer in 

vitro”, which examined the effect of lidocaine on electroporation outcomes across several cell 

lines. Lidocaine is primarily an inhibitor of voltage-gated sodium channels and is thus not 

expected to influence TMV considerably in non-excitable cells. However, it is commonly used 

as an anaesthetic in electroporation-based medical treatments. We chose lidocaine, since 

previous studies indicated that it could reduce the threshold electric field strengths required for 

both reversible and irreversible electroporation. 

Objective III was addressed in the second publication “Invasive properties of patient-derived 

glioblastoma cells after reversible electroporation”. Building on findings from the first 

publication, this study explored whether reversible electroporation alters the invasive potential 

of patient-derived glioblastoma cells. We observed increased invasion and used transcriptomic 

analysis to confirm that this enhanced invasive behaviour was associated with changes in gene 
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expression. Notably, these expression changes included alterations in ion channel genes, 

supporting the connection between electroporation, ion channel modulation, and cellular 

function. 
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2 SCIENTIFIC PAPERS 

 

2.1 LONG-TERM CHANGES IN TRANSMEMBRAN VOLTAGE AFTER 

ELECTROPORATION ARE GOVERNED BY THE INTERPLAY BETWEEN THE 

NONSELECTIVE LEAK CURRENT AND ION CHANNEL ACTIVATION  

Blažič A., Guinard M., Leskovar T., O’Connor R. P., Rems L. 2025a. Long-term changes in 

transmembrane voltage after electroporation are governed by the interplay between 

nonselective leak current and ion channel activation. Bioelectrochemistry, 161: 108802, 

https://doi.org/10.1016/j.bioelechem.2024.108802 

The induced transmembrane voltage during pulse delivery is well characterized, but less is 

known about how TMV behaves in the minutes following pulse exposure (Kotnik et al., 2010, 

2019; Pucihar et al., 2009). A previous study suggested that prolonged TMV changes, 

particularly sustained membrane depolarization, may be influenced by ion channel activity 

(Burke et al., 2017). Therefore, our aim was to characterize the dynamics of TMV restoration 

up to 30 minutes after electroporation using two cell lines with distinct ion channel expression 

profiles: CHO-K1 and U-87 MG. 30-minute changes following electroporation were 

investigated through complementary approaches, including combined voltage-sensitive dye 

measurements with ion channel modulators, calcium and propidium iodide imaging, and 

theoretical modelling. We observed that CHO-K1 cells gradually repolarized as the membrane 

resealed, whereas U-87 MG glioblastoma cells exhibited a secondary hyperpolarization phase 

that depended on temperature and was consistent with the activation of calcium-activated 

potassium channels, suggesting that ion channel activity critically shapes long-term TMV 

recovery after electroporation. 

 

 
 

This article was originally published under a Creative Commons Attribution 4.0 International 

License. 
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2.2 INVASIVE PROPERTIES OF PATIENT-DERIVED GLIOBLASTOMA CELLS 

AFTER REVERSIBLE ELECTROPORATION 

 

Blažič A., Majc B., Novak M., Breznik B., Rems L. Reversible electroporation enhances 

invasive properties of patient-derived glioblastoma cells. Radiology and Oncology, accepted 

for publication 

Glioblastoma is a highly invasive brain tumour in which ion channel activity plays a key role 

in regulating cell migration and infiltration (Abed et al., 2023; Obrador et al., 2024; Younes et 

al., 2023).  Our preceding publication demonstrated that calcium-activated potassium channels 

are activated following electroporation. Given the established role of these channels in 

glioblastoma cell invasion (D’Alessandro et al., 2019), we aimed to determine whether 

sublethal electroporation affects the invasive behaviour of glioblastoma cells. This was 

addressed using patient-derived cell lines and standardized transwell invasion assays, 

performed 24 hours after exposure to electric pulses. To explore the potential mechanistic link 

between electroporation and invasion, we employed mRNA sequencing to evaluate changes in 

gene expression profiles following treatment. Overall, we sought to determine whether 

electroporation induces functional and transcriptional adaptations in tumour cells that survive 

the treatment. We found that reversible electroporation enhanced invasion in a cell line–

dependent manner, with a pronounced increase in NIB140 CORE cells and a more modest 

effect in NIB216 CORE cells, accompanied by transcriptomic signatures associated with 

extracellular matrix remodelling and ion channel regulation, suggesting that sublethal 

electroporation can trigger pro-invasive adaptations in surviving glioblastoma cells. 

I hereby declare that the version included in this doctoral thesis is identical to the version 

accepted for publication.   
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2.3 REASSESSING LIDOCAINE AS AN ELECTROPORATION SENSITIZER IN 

VITRO 

Blažič A., Šmerc R., Polajžer T., Miklavčič D., Rems L. 2025b. Reassessing lidocaine as an 

electroporation sensitizer in vitro. Scientific Reports, 15, 1: 25593, 

https://doi.org/10.1038/s41598-025-11695-3 

Lidocaine, an inhibitor of voltage-gated sodium channels, is commonly administered before 

performing electrochemotherapy to minimize patient discomfort (Gehl et al., 2018; Mir et al., 

2006). In addition to its anaesthetic properties, lidocaine has also been proposed as a potential 

electroporation sensitizer, possibly through its effects on cell membrane charge and the function 

of the ATPases (Grys et al., 2014; Pan F. et al., 2020; Sherba et al., 2020). However, these 

effects have not been systematically studied, particularly under physiologically relevant 

conditions; i.e., at relevant/therapeutic concentrations. Therefore, our aim was to investigate 

whether lidocaine applied at clinically relevant concentrations alters electroporation outcomes, 

i.e., cell membrane permeabilization and decrease in cell viability. We found that 10 mM 

lidocaine had only minor effects on membrane permeabilization and cell survival, whereas 35 

mM significantly enhanced electroporation efficiency and reduced the threshold for irreversible 

electroporation by up to 40 %, but such concentrations exceed those reached in tissues 

following local administration, indicating that lidocaine’s sensitizing effect is unlikely to be 

clinically relevant under standard therapeutic conditions. 

 

 
 

This article was originally published under a Creative Commons Attribution 4.0 International 

License. 

  

https://doi.org/10.1038/s41598-025-11695-3
https://creativecommons.org/licenses/by/4.0/deed.en
https://creativecommons.org/licenses/by/4.0/deed.en


Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

70 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

71 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

72 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

73 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

74 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

75 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

76 

 

  



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

77 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

78 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

79 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

80 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

81 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

82 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

83 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

84 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

85 

 

 

 

 

 

 



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

86 

 

 

  



Blažič A. Changes in transmembrane voltage regulation due to cell electroporation.  

   Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2025 

 

87 

 

3 RESULTS AND DISCUSSION 

3.1 DOCTORAL RESEARCH FINDINGS: SUMMARY OF PUBLISHED PAPERS 

This section provides an overview of the key findings from the research papers that form the 

foundation of this doctoral dissertation. Across three independent yet conceptually related 

studies, electroporation was investigated at different biological levels. The first study focused 

on elucidating the mechanisms underlying long-term changes in TMV following 

electroporation, revealing the role of ion channel activity in shaping post-pulse TMV. The 

second study investigated changes in cell invasion following reversible electroporation in a 

patient-derived glioblastoma models. The observed increase in invasion was supported by 

transcriptomic analysis, which revealed gene expression changes related to ion channel activity 

(among others). This suggests a potential role of ion channels in the observed phenotype, which, 

however, remains to be confirmed at a functional level. The third study explored whether ion 

channel modulators could influence electroporation outcomes. We specifically focused on 

lidocaine, a voltage-gated sodium channel inhibitor, commonly used as an anaesthetic in 

electroporation-based medical treatments. Each study addressed a distinct biological question 

using targeted experimental approaches, while collectively contributing to the understanding of 

electroporation-induced cellular responses.  

3.1.1 Ion channel activity as a regulator of long-term changes in TMV after 

electroporation 

The first study, “Long-term changes in transmembrane voltage after electroporation are 

governed by the interplay between nonselective leak current and ion channel activation”, 

focused on elucidating the biophysical mechanisms responsible for post-pulse changes in TMV. 

This work was motivated by earlier findings by Burke et al., 2017, who showed that prolonged 

depolarization in U-87 MG cells exposed to a nanosecond pulse involves complex ion channel 

activity rather than passive membrane leakage alone. While earlier studies consistently reported 

that electroporation induces rapid depolarization lasting several seconds to minutes (Batista 

Napotnik et al., 2024; Burke et al., 2017; Dermol-Černe et al., 2018; Pakhomov et al., 2007a), 

our study was the first to demonstrate that the initial depolarization phase can be followed by 

hyperpolarization — a phenomenon observed in U-87 MG but not in the CHO-K1 cell line, and 

only at 33˚C but not at 25˚C.  

We aimed to investigate the sequence of events linking membrane permeabilization, calcium 

signalling, and TMV dynamics. PI experiments in both cell lines and under both temperature 

conditions showed that the membrane depolarization phase correlated with the rapid increase 

in membrane permeability due to pulse exposure and persisted until the membrane almost fully 

resealed. This confirmed that membrane depolarization was primarily caused by a nonselective 

leak current across the permeabilized membrane. A transient calcium influx was observed 

concurrently. Although the calcium transient lasted only about 2 minutes, it served as a critical 

trigger for the activation of KCa in U-87 MG cells at 33˚C, which influenced the TMV over the 

following 20−25 minutes. The KCa activation resulted in membrane hyperpolarization, as 

corroborated by theoretical modelling and experiments with ion channel inhibitors.  
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The theoretical model demonstrated that higher intracellular calcium concentrations lead to 

stronger hyperpolarization responses and that KCa channel activity alone could explain the TMV 

dynamics after membrane resealing. To support these predictions experimentally, U-87 MG 

cells were pre-treated with three ion channel inhibitors, including Tetraethylammonium (TEA), 

a broad-spectrum potassium channel blocker; Penitrem A, a selective KCa channel inhibitor; 

and Verapamil, a voltage-gated calcium channel blocker. TEA and Penitrem A substantially 

reduced the amplitude of hyperpolarization, confirming the involvement of KCa channel 

activation in shaping the long-term TMV response. However, as hyperpolarization could not be 

fully abolished by KCa channel inhibition alone, the contribution of other ion channels — such 

as chloride channels — cannot be excluded (Catacuzzeno et al., 2011).  

Together, the theoretical and experimental data suggest an important role of ion channels in 

regulating TMV recovery following electroporation in U-87 MG cells. Based on insights from 

the theoretical model, hyperpolarization was able to develop only after membrane had almost 

fully resealed, when endogenous ion currents could surpass the electroporation-mediated ionic 

leak current and effectively shape the TMV. This allowed us to describe a stepwise cascade in 

U-87 MG cells: initial permeabilization and depolarization, calcium entry, membrane resealing, 

and finally, channel-mediated hyperpolarization. In contrast, in CHO-K1 cells, which express 

very few ion channels, the post-pulse membrane depolarization was never followed by 

hyperpolarization, and it was primarily attributed to nonselective ionic leakage across the 

permeabilized membrane, rather than to ion channel activity. 

Despite successfully detecting dynamic TMV changes over 30 min using the FMP (in the paper, 

it refers to FLIPR membrane potential; commercially accepted name) dye, the study highlighted 

considerable methodological limitations in monitoring TMV over such a long period after 

electroporation. Alternative voltage-sensitive dyes, including ElectroFluor630 and FluoVolt, 

were found unsuitable due to dye internalization, signal drift, low sensitivity, and phototoxic 

effects during extended imaging. While the FMP dye performed much better in our 

experiments, it also presents challenges: its fluorescence relies on a quenching mechanism, 

which can be disrupted if increased membrane permeability following pulse exposure allows 

the dye’s quencher molecule to enter the cytosol. Although no critical interference was observed 

under the applied pulsing conditions, the possibility remains that higher pulse amplitudes or 

different pulse parameters could lead to quencher uptake. Meanwhile, genetically encoded 

voltage indicators (GEVIs) offer a promising alternative, but their applicability to 

electroporation studies needs to be tested due to possible perturbation of GEVI’s voltage-

sensing domains by intense electric fields. These limitations underscore the broader need for 

improved tools to reliably monitor TMV over extended periods in electroporation studies. 

This study highlighted the important role of ion channel activity in shaping TMV recovery and 

identified KCa channels as the main factor differentiating the TMV response in U-87 MG 

glioblastoma (GB) cell line from that of CHO-K1 cell line. Additionally, in the context of GB, 

the association between membrane hyperpolarization and a less proliferative, more 

differentiated cell state raised the possibility that changes in TMV could influence tumour cell 
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behaviour — particularly through the involvement of KCa channels, which are associated with 

the regulation of GB invasion (D’Alessandro et al., 2019).  

3.1.2 Functional consequences of reversible electroporation: Changes in the invasive 

behaviour of GB cells 

Building on the mechanistic insights from the first study, the second investigation, “Invasive 

properties of patient-derived glioblastoma cells after reversible electroporation” examined 

whether sublethal electroporation could elicit functional consequences in GB cells that survive 

the treatment. The first study showed that electroporation-induced TMV changes in U-87 MG 

GB cells are governed by ion channel activity, particularly KCa channels (Blažič et al., 2025a). 

Notably, these channels are linked to the regulation of GB invasion (D’Alessandro et al., 2019). 

Consequently, the second study aimed to determine whether pulse exposure could influence 

tumour cell behaviour, with a specific focus on invasion, in a clinically relevant GB model.  

This study focused on two patient-derived GB cultures, NIB140 CORE and NIB216 CORE, 

which were selected after screening five GB cell lines (NIB140 CORE, NIB216 CORE, 

NIB220 RIM, NIB237 CORE and NIB261 REC) for their intrinsic invasive potential using a 

transwell invasion assay. The two selected cultures exhibited the highest intrinsic invasion and 

were chosen to investigate how sublethal electroporation influences tumour cell behaviour. The 

cells were then exposed to high-frequency biphasic pulses, previously used for irreversible 

electroporation of brain tumours in canine patients (Latouche et al., 2018; Partridge et al., 

2022), and evaluated for membrane permeability, viability and invasive behaviour. Membrane 

permeability and cell viability were assessed within 4 minutes and after 24 hours of pulse 

exposure, respectively, using PI staining and flow cytometry. At 1.0 kV/cm, both cell lines 

showed effective permeabilization, while the majority of cells remained viable. This confirmed 

that the applied field strength successfully induced reversible electroporation — achieving 

membrane permeabilization without affecting cell viability. We then assessed changes in 

invasion 24 hours after exposing cells to 1.0 kV/cm. Both GB cell lines exhibited increased 

invasion, with NIB140 CORE showing a markedly stronger response — a median 3.74-fold 

increase in the number of invaded cells compared to sham-treated controls. In contrast, NIB216 

CORE showed a more modest but still notable 30 % increase in invasion. 

To better understand the molecular basis of this differential response, transcriptomic analysis 

was performed on both cell lines. In NIB140 CORE, electroporation induced gene expression 

changes consistent with enhanced invasion, including downregulation of genes involved in 

extracellular matrix organization and upregulation of genes involved in ion channel activity and 

passive transmembrane transport (including KCa channel genes). Notably, these findings align 

with findings from our previous study using U-87 MG cells, where electroporation-induced 

calcium (Ca2+) ion influx triggered membrane hyperpolarization via activation of KCa channels  

(Blažič et al., 2025a). As mentioned above, these channels are implicated in promoting GB cell 

invasion (D’Alessandro et al., 2019). In contrast, NIB216 CORE exhibited a transcriptional 

profile indicative of cytoskeletal disruption and stress-induced alterations in membrane 

dynamics and intracellular communication, possibly reflecting electroporation-induced 

changes in membrane plasticity and intracellular communication. 
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Most preclinical studies on electroporation-based GB therapy have focused on IRE as a           

non-thermal ablation method, particularly in canine glioma models (Garcia et al., 2011; 

Latouche et al., 2018; Rossmeisl et al., 2015). Our study underscores a critical challenge for the 

therapeutic potential of IRE in infiltrative tumours such as GB, if not all exposed cells are 

ablated. Cells located at the margins of the treatment field may survive but undergo adaptive 

molecular changes in response to pulse exposure, including enhanced motility and invasive 

behaviour. Consequently, reversible electroporation may unintentionally promote tumour 

invasion. It may be possible to mitigate this concern with ECT. ECT combines reversible 

electroporation with chemotherapeutic agents such as bleomycin or cisplatin, which require 

membrane permeabilization to access their intracellular targets (Chen J. and Stubbe, 2005; 

Dasari and Bernard Tchounwou, 2014; Serša et al., 2006). Additionally, electroporation has 

been shown to transiently disrupt the blood–brain barrier and enhance drug delivery within the 

central nervous system (Garcia et al., 2012; Lorenzo et al., 2019; Partridge et al., 2022; Sharabi 

et al., 2019). Collectively, this suggests that combining IRE with targeted cytotoxic or ion 

channel-modulating agents may represent a safer and more effective strategy than using IRE 

alone. 

Together with the findings from the first study, this work highlights the biological complexity 

of electroporation responses, demonstrating that pulse exposure can induce transcriptional 

reprogramming in tumour cells. Importantly, ion channels — initially identified as key 

regulators of long-term TMV dynamics in U-87 MG cells — were also implicated in the 

transcriptomic responses of patient-derived GB models following sublethal electroporation. 

These findings suggest that ion channel modulation could be used to influence electroporation 

outcome. While it will be interesting to explore the effect of ion channel modulators, 

particularly inhibitors of KCa channels on GB cell electroporation, within this dissertation we 

studied the effects of lidocaine, which has already been proposed as an electroporation 

sensitizer (Grys et al., 2014; Pan F. et al., 2020; Sherba et al., 2020). 

3.1.3 Pharmacological modulation of the electroporation response 

The third study, “Reassessing lidocaine as an electroporation sensitizer in vitro” investigated 

whether lidocaine, a clinically approved sodium channel blocker known to affect membrane 

fluidity, could influence electroporation outcomes. Lidocaine is routinely administered as a 

local anaesthetic prior to ECT and can also be used before GET, according to current clinical 

and standard operating procedures (Gehl et al., 2018; Mir et al., 2006). Although previous 

studies proposed that lidocaine may enhance the efficacy of electroporation-based therapies 

(Grys et al., 2014; Pan F. et al., 2020; Sherba et al., 2020), their findings were limited by 

methodological inconsistencies. To address this, our study aimed to rigorously re-evaluate 

lidocaine’s impact on membrane permeabilization and cell survival under well-controlled 

experimental conditions. 

To reflect the diversity of electroporation applications and membrane characteristics, four cell 

lines were selected. B16-F1 mouse melanoma cells were chosen due to their clinical relevance 

in ECT of cutaneous tumours (Gehl et al., 2018; Mir et al., 2006), while C2C12 myoblasts 

served as a representative model for GET (Markelc et al., 2012). CHO-K1 cells, known for their 
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low endogenous ion channel expression (Gamper et al., 2005), and NS-HEK cells, stably 

expressing NaV1.5 channels (Batista Napotnik et al., 2024; McNamara et al., 2016; Tian et al., 

2023), were used to explore the potential involvement of voltage-gated sodium channels in 

lidocaine’s effects. The experiments were performed both in a low-conductivity electroporation 

buffer and Tyrode solution, the latter mimicking physiological ionic composition. Lidocaine 

was tested at two concentrations: 10 mM, reflecting doses used in earlier in vitro studies, and 

35 mM, corresponding to standard clinical concentrations used for local anaesthesia. 

Electroporation was performed using a standard ECT protocol (8 × 100 µs pulses, 1 Hz), and 

effects on membrane permeabilization and cell viability were assessed. At 10 mM, lidocaine 

had only modest effects, lowering the electric field threshold for 50 % permeabilization and 

50 % survival by no more than 16–18 % in any tested condition. A more pronounced sensitizing 

effect was observed at 35 mM in B16-F1 cells, where the threshold for IRE decreased by          

25-40 %. Interestingly, this cytotoxic effect could not be attributed to enhanced membrane 

permeabilization, as 35 mM lidocaine had a minimal effect on the threshold for reversible 

electroporation. Instead, this cytotoxic effect likely involves electroporation-enhanced 

intracellular accumulation of lidocaine, amplifying its intrinsic toxicity, which was reported in 

our conference paper (Blažič et al., 2024). Using a simplified computational tissue model, we 

demonstrated that 35 mM lidocaine could more than double the volume of irreversibly 

electroporated zone. However, although 35 mM (1 %) lidocaine is clinically injected, the 

intratumoral concentration achieved several minutes after administration is typically much 

lower (Ross et al., 2024; Tanaka et al., 2016), raising questions about the translational relevance 

of these in vitro finding. Nevertheless, even modest increases in membrane permeability —

particularly in the presence of chemotherapeutic agents such as bleomycin or cisplatin — could 

enhance drug uptake and improve treatment efficacy in ECT protocols. Thus, further in vivo 

preclinical studies are required to determine the clinical relevance of lidocaine’s sensitizing 

effect.  

In the discussion section of our third paper (Blažič et al., 2025b), several mechanisms were 

proposed to explain how lidocaine modulates membrane permeabilization following 

electroporation. Possible mechanisms include: (i) reduction of negative membrane surface 

charge, (ii) interaction with lipid bilayer, (iii) interaction with voltage-gated sodium channels, 

and (iv) inhibition of membrane-associated ATPases. Of these, the interaction with lipid bilayer 

appears most plausible; depending on its protonation state, lidocaine can associate with either 

the bilayer surface or the hydrophobic core, altering properties such as membrane fluidity, 

elasticity and membrane protein clustering (Bernardi et al., 2009; Park et al., 2012; Yi et al., 

2012; Zapata-Morin et al., 2014). Such interactions may increase membrane susceptibility to 

electroporation, thereby facilitating permeabilization. Moreover, the variations in lipid and 

protein composition among different cell types could potentially account for the observed cell 

type–dependent differences in lidocaine’s impact on electroporation outcome. Nevertheless, 

other listed mechanisms could not be completely excluded. The observed effects of lidocaine 

on cell viability after electroporation are most likely explained by enhanced lidocaine uptake 

across the permeabilized membrane, amplifying lidocaine’s intrinsic cytotoxic effects. This 

aligns with prior reports of lidocaine’s selective toxicity in cancer cells and its broader 
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anticancer mechanisms — including pro-apoptotic signalling, inhibition of ion transporters, and 

epigenetic modulation. Together, these findings suggest that lidocaine acts through a 

multifaceted and cell-type-specific set of pathways (Zhou et al., 2020). 

Importantly, our study also highlighted the critical role of experimental parameters — including 

pH, conductivity, and osmolality — in modulating lidocaine’s effects. By carefully controlling 

these variables, our study enabled a more reliable assessment of lidocaine’s true impact on 

electroporation outcomes compared to preceding in vitro studies.  

Together, these three studies progress from biophysical mechanisms (regulation of TMV 

changes 30 minutes following electroporation), through tumour-specific adaptations (GB 

invasion), to clinically oriented modulation strategies (lidocaine sensitization). Despite their 

differences in experimental focus, all three studies align in supporting a central insight: 

electroporation elicits multifaceted cellular responses that extend far beyond the brief window 

of pulse delivery. These effects — whether through altered ion transport, transcriptomic 

changes involving ion channels, or modulation of cell behaviour using pharmacological agents 

—highlight the critical role of ion channels in shaping electroporation outcomes. As key 

components of passive transport and regulators of cellular excitability, ion channels should be 

regarded not only as responders but also as potential therapeutic targets in future electroporation 

research. 

3.2 CONNECTING THE DOTS: INTEGRATING OUR RESULTS WITH 

PREVIOUSLY PUBLISHED WORK 

Electroporation induces a cascade of physical and biological responses that cannot be fully 

explained by the formation of pores in the cell membrane. The following subsections integrate 

our experimental findings with current literature on how electrical pulses reshape cellular 

physiology. We begin by examining the TMV regulation after electroporation, highlighting 

how recovery extends beyond passive leak closure to involve active ion channel participation. 

We then explore calcium signalling as both a driver and consequence of TMV modulation, 

linking early ionic disturbances to downstream functional responses in both non-excitable and 

excitable cells. Finally, we address pharmacological modulation of TMV, demonstrating how 

ion channel–targeting agents can alter the electroporation outcome and offer potential 

therapeutic applications. 

 

3.2.1 Regulation of transmembrane voltage after electroporation: A complex interplay 

between leak current and ion channel activation 

Traditional electroporation theory describes membrane permeabilization as the formation of 

aqueous pores in the lipid bilayer once the induced TMV exceeds a critical threshold — 

typically between 0.2 and 1 V (Weaver and Chizmadzhev, 1996). Under these conditions, ions 

and other molecules that are normally impermeable to the lipid bilayer can cross the cell 

membrane (Kotnik et al., 2019; Tarek, 2005; Tieleman, 2004; Tsong, 1991). Newer findings 

demonstrate that the increase in membrane permeability caused by electric field exposure is 

mediated also by lipid peroxidation and formation of pores in oxidatively damaged lesions, as 
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well as by damage to certain membrane proteins and formation of pores that are stabilized by 

both lipid and amino acid residues (Rems et al., 2020; Wiczew et al., 2021). After the electric 

field is removed, these pores generally reseal; pores in the lipid bilayer can close spontaneously 

within nanoseconds to milliseconds, while oxidatively damaged lesions and damaged 

membrane proteins can be repaired by cell membrane repair mechanisms. Overall, the 

membrane resealing typically completes within seconds to minutes after pulse exposure 

(Dermol-Černe et al., 2018; Pakhomov et al., 2007a). However, the TMV can remain altered 

even after membrane integrity is restored, as shown in our first study.  

Pores formed in the membrane allow rather nonselective transport of ions, which disrupts 

transmembrane ionic gradients. While the membrane is highly permeable, this nonselective leak 

current considerably exceeds ionic currents through ion channels and pumps (Batista Napotnik 

et al., 2024; Ibey et al., 2010). Thus, the membrane unavoidably becomes depolarized, with 

TMV approaching 0 mV. As the membrane reseals, the ion channels and pumps, which regulate 

the resting voltage (predominantly the Na+/K+-ATPase and potassium channels), can 

effectively restore the TMV to its resting value. Ion channels and pumps therefore play an 

essential role in TMV restoration following electroporation. If additional ion channels, which 

can hyperpolarize the membrane (i.e., make the TMV more negative than its resting value) 

become activated, hyperpolarization following the initial depolarization becomes possible. We 

observed this situation in U-87 MG cells, which express various types of ion channels including 

KCa. Using calcium and PI imaging, pharmacological inhibition, and theoretical modelling, we 

demonstrated that this effect arises from a cascade in which transient calcium entry during the 

pulse delivery activates KCa channels, which in turn drive prolonged hyperpolarization. This 

hyperpolarization became evident only after membrane resealing, when the influence of the 

nonselective leak current diminished and endogenous ion channel activity could govern TMV 

regulation. Unlike in U-87 MG cells, we observed only transient depolarization in CHO-K1 

cells. The latter are not expected to express KCa channels (at least not abundantly). Our 

theoretical model confirmed that for cells devoid of KCa channels, post-pulse TMV restores to 

its pre-pulse value shortly after the membrane resealing, without following hyperpolarization 

phase.  

3.2.2 Calcium signalling as a driver of TMV modulation and cellular responses 

following electroporation 

Calcium is one of the most versatile and fundamentally important signalling molecules in 

biology. As a second messenger, it regulates processes ranging from muscle contraction, 

neurotransmitter release, and cell division to migration, gene expression, and programmed cell 

death. Its impact results from the pronounced electrochemical gradient across the plasma 

membrane and from the fact that even small, transient changes in intracellular calcium 

concentration can engage highly specific and spatially localised signalling cascades (Alberts, 

2015; Berridge et al., 2000; Berridge et al., 2003; Brini et al., 2013). In oncology, calcium 

signalling plays a dual role — supporting physiological processes such as differentiation or 

apoptosis, but also contributing to malignant behaviours including proliferation, migration, and 

invasion (Bong and Monteith, 2018; Leclerc et al., 2016; Monteith et al., 2017; Romito et al., 
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2022). Consequently, calcium homeostasis has become an important therapeutic target in 

cancer treatment, with strategies aiming to either disrupt pathological calcium signalling in 

tumour cells or target calcium-dependent mechanisms to trigger cell death, including calcium 

electroporation, where high-voltage pulses drive cytotoxic calcium influx leading to ATP 

depletion and subsequent loss of cell viability (Frandsen et al., 2020). These broad physiological 

and therapeutic roles make calcium a critical factor when evaluating how                

electroporation-induced electrical changes translate into biological outcomes. 

Within the context of electroporation, calcium influx emerges as a key mediator linking the 

initial TMV disturbance induced by electrical pulses to a wide range of downstream responses. 

In non-excitable U-87 MG glioblastoma cells, our work demonstrated that a transient calcium 

entry following electroporation acts as a trigger for the activation of ion channels, driving a 

sustained hyperpolarization that persists well beyond the period of membrane permeabilization 

(Blažič et al., 2025a). This hyperpolarization was detectable only after membrane resealing, 

suggesting that calcium-dependent channel activity becomes a dominant factor in TMV 

regulation once passive leak conductance is reduced. Pharmacological inhibition confirmed the 

involvement of calcium-activated potassium channels in this long-term TMV shift, implicating 

calcium influx as the initiating event in a cascade that may influence cell phenotype and 

behaviour. 

Beyond our own experimental observations, multiple studies have shown that electroporation 

can elicit calcium influx not only through pores in the cell membrane but also via direct 

modulation of endogenous calcium-permeable channels. Voltage-gated calcium (CaV) channels 

are among the best characterized examples: Vernier et al., 2008 demonstrated that a single 

nanosecond pulse can trigger rapid calcium entry in chromaffin cells, predominantly via L-type 

channels, with additional contributions from N-type and P/Q-type isoforms, as confirmed by 

pharmacological blockade. This phenomenon has since been reproduced in other cell types, 

where calcium transients occurred only in CaV-expressing cells, while channel-deficient models 

such as CHO showed no response under equivalent conditions (Hristov et al., 2018; Nesin et 

al., 2012). While these studies emphasise the importance of CaV and calcium-activated 

conductance in shaping post-pulse responses in non-excitable cells, their impact is even more 

pronounced in excitable membranes, where pre-existing electrophysiological machinery can 

amplify, prolong, or even initiate calcium signals in the absence of detectable membrane 

permeabilization — a phenomenon reported in cardiomyocytes, neurons, and chromaffin cells 

exposed to nanosecond pulses, where activation of voltage-gated calcium channels occurs at 

electric field strengths to low to induce measurable uptake of PI or similar dyes (Pakhomov et 

al., 2017; Semenov et al., 2015b; Vernier et al., 2008). 

In studies from our group published by Batista Napotnik et al., 2024, genetically engineered 

human embryonic kidney cells were used, expressing NaV1.5 sodium channels and 

doxycycline-inducible Kir2.1 potassium channels — a minimal complementary set required for 

excitability — referred to as S-HEK cells. They observed that TMV changes and calcium 

signalling can be achieved even before electroporation becomes detectable by PI uptake in 

monolayers of S-HEK cells. Pulses with a duration of 100 μs and amplitude somewhat above 
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the electrostimulation threshold induced weak electroporation, detectable through altered shape 

of S-HEK action potentials. At the electrostimulation threshold (~126 V/cm), a single pulse 

triggered a single or multiple action potentials with median duration (full width at half 

maximum) of ~250 ms. Multiple action potentials were most likely caused by propagation of 

the action potential along the cell monolayer through endogenous gap junctions expressed in 

HEK cells, as confirmed by gap junction inhibitor carbenoxolone (unpublished data). At higher 

fields, action potentials became progressively longer in duration and required more time to 

recover, ultimately resulting in a sustained depolarization (lasting for ≥3 seconds) (Batista 

Napotnik et al., 2024, 2025). Theoretical modelling demonstrated that both action potential 

prolongation and sustained depolarization can be explained by an additional leak current due to 

electroporation (Batista Napotnik et al., 2024). Indeed, sustained depolarization was also 

observed at virtually the same electric field strengths in S-HEK’s non-excitable counterparts 

(non-spiking HEK, NS-HEK cells) devoid of Kir2.1 channels (Batista Napotnik et al., 2024). 

Importantly, alongside changes in TMV (including action potentials), calcium responses were 

monitored in this study (Batista Napotnik et al., 2024): while a small, single Ca²⁺ peak was 

observed at low fields in both S-HEK and NS-HEK cells, at intermediate fields (176–200 V/cm) 

S-HEK cells exhibited a more complex, multi-peak Ca²⁺ response that was absent in NS-HEK 

cells. The initial peak likely reflects weak electroporation and/or activation of endogenous CaV 

or other calcium-permeable channels, whereas the delayed second peak may arise from 

additional processes, including activation of endogenous calcium-permeable channels or more 

intricate pathways such as calcium-induced calcium release (CICR), store-operated calcium 

entry (SOCE), or intercellular calcium waves. This intriguing biphasic behaviour motivated 

further investigation. Unpublished work (Batista Napotnik et al., manuscript in preparation, to 

which I contribute as one of the co-authors) extends these findings by showing that both phases 

of the calcium signal depend entirely on extracellular calcium, as chelation with EGTA 

abolished them completely. In contrast, depletion of intracellular stores with thapsigargin did 

not eliminate the delayed second peak, confirming that endoplasmic reticulum release is not its 

primary source. Rather than mobilization of internal stores, the late component of the response 

arises from continued calcium influx across the plasma membrane — perhaps through pores in 

the cell membrane and/or repeated activation of calcium-permeable channels due to repeated 

action potential triggering — multiple action potentials were observed in a similar range of 

electric fields strength as the biphasic calcium response. Given that the biphasic calcium 

dynamics were not observed in non-excitable NS-HEK cells, it reflects a more complex 

interplay between changes in TMV (action potentials) and calcium signalling. 

Taken all together, early calcium entry may arise either from subtle, weak electroporation that 

remains undetected by conventional assays such as propidium iodide uptake or from the 

activation of endogenous calcium-permeable channels. As a result, the response is temporally 

structured, with calcium signalling and TMV recovery tightly coupled, each contributing to the 

regulation of the other. This interplay can in turn activate secondary proteins such as KCa 

channels, and modulate excitability and downstream signalling pathways, potentially 

influencing cellular behaviour, such as cell invasion. 
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3.2.3 Pharmacological modulation of ion channels and its therapeutic potential  

Ion channels are transmembrane proteins that form pores in cell membranes, allowing certain 

ions to pass through them in response to specific stimuli, as part of passive transport that occurs 

along the concentration gradient from higher to lower ion concentrations. Ion channels can be 

categorized into six main groups based on the stimuli that trigger their opening or closing: 

voltage-gated, ligand-gated, stretch, light, pH and heat-activated channels (Neuroscience, 

2004). Ion channels are critical for many physiological processes, including neuronal 

signalling, muscle contraction, cardiac pacemaking, hormone secretion, cell volume regulation, 

and cell death. Dysfunctions of ion channels are known under common name “channelopathies”  

and include various pathophysiological conditions, such as muscle dysfunction, kidney disease, 

epilepsy, and heart disease, making ion channels a valuable target for drug development 

(Alberts, 2015; Dworakowska and Do, 2000; Kaczorowski et al., 2008).   

However, pharmacological modulation of ion channels remains challenging due to the problem 

of selectivity. Most available drugs have effects beyond their primary targets, and for many 

channel families, the absence of highly specific inhibitors continues to limit mechanistic 

interpretation (Alexander et al., 2023). Our own results with lidocaine further illustrate this 

point: although its primary target are the voltage-gated sodium channels, we observed that 

electroporation thresholds were altered in a concentration-dependent manner without clear 

evidence that sodium channel blockade alone was responsible. Instead, lidocaine’s broader 

actions, including its ability to alter membrane fluidity, likely contributed to the observed 

effects (Blažič et al., 2025). Similar concerns have been raised elsewhere. For instance, 

verapamil, while commonly used to inhibit L‐type calcium channels, also inhibits                           

P‐glycoprotein at higher concentrations (Ledwitch et al., 2016). Similarly, tetraethylammonium 

(TEA), often described as a broad-spectrum potassium channel inhibitor, also affects 

aquaporins (Yool et al., 2002). These examples demonstrate that ion channel modulators can 

exert multifaceted effects — beyond direct channel blockade — and may indirectly alter 

membrane properties.  

Despite these limitations, ion channels remain clinically attractive targets. Across therapeutic 

areas — including cardiac, neurological, and oncologic diseases — ion channels account for 

~18 % of small-molecule drug targets (Amin et al., 2010; Bagal et al., 2013; Charlton et al., 

2020). In the context of GB, channels like big potassium KCa channels, voltage-gated calcium 

channels, or chloride channels have shown potential to impair growth, migration, and invasion 

(Abed et al., 2023), which is especially interesting based on our results that KCa channels may 

contribute to the enhanced invasion observed following electroporation. Taken together, these 

findings underscore that ion channels represent not only critical regulators of cellular 

physiology but also promising therapeutic targets whose clinical relevance continues to expand. 

Consequently, it would be valuable to explore how different ion channel modulators can affect 

electroporation outcome and whether ion channel modulation could be used in synergy with 

electroporation treatments.  
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3.3 FUTURE PERSPECTIVE: ELECTROPORATION-BASED THERAPIES IN 

GLIOBLASTOMA TREATMENT 

The experimental work in this dissertation was designed to investigate fundamental 

mechanisms of electroporation, specifically the regulation of long-term TMV and the resulting 

functional responses, including changes in invasion using in vitro GB cell line models. The 

findings presented in this dissertation are directly relevant to the development of 

electroporation-based GB treatments. However, the hallmarks of GB tumours — diffuse 

infiltrative growth, marked heterogeneity, and the persistence of treatment-resistant 

subpopulations — pose major barriers to achieve durable tumour control, with median patient 

survival remaining around 15 months despite extensive standard therapy, including maximal 

surgical resection, radiotherapy, and chemotherapy with temozolomide (Grochans et al., 2022; 

Liu et al., 2024; Obrador et al., 2024; Ostrom et al., 2022). These same features have made GB 

a focus of several preclinical and early clinical investigations in animal models and veterinary 

patients, leading to an increasing body of evidence on the potential benefits, limitations, and 

translational challenges of electroporation-based therapies. 

3.3.1 Electroporation-based therapies in glioblastoma treatment: Literature review 

Thus far, electroporation-based therapies have shown considerable promise in preclinical 

glioma models, particularly through non-thermal tumour ablation. In in vivo studies, IRE has 

been applied in canine models with spontaneous gliomas, demonstrating tumour ablation with 

preservation of surrounding brain structures and, in some cases, long-term tumour control 

(Garcia et al., 2011; Rossmeisl et al., 2015). In later studies, high-frequency IRE (H-FIRE) 

protocols have been introduced to reduce neuromuscular stimulation and improve procedural 

safety (Latouche et al., 2018), yet durable responses were still not achieved uniformly. This 

highlights the need for further (pre)clinical optimization as well as fundamental research in 

representative, complex in vitro GB models that more closely reflect tumour heterogeneity and 

microenvironmental complexity. 

In parallel, in vivo studies in rodent models have demonstrated complete tumour remission in 

69 % of cases, performed with bleomycin-based ECT (Agerholm-Larsen et al., 2011), which 

provided the basis for a phase-1 clinical trial (NCT01322100) investigating ECT as a palliative 

treatment for brain metastases (Linnert et al., 2012). However, the trial was discontinued due 

to insufficient patient enrolment. Additionally, electroporation has been shown to transiently 

disrupt the blood-brain barrier (BBB), at much lower electric field strengths than required for 

tissue ablation (Garcia et al., 2012; Hjouj et al., 2012; Lorenzo et al., 2019; Sharabi et al., 2019). 

BBB disruption is associated with disruption of tight junction complexes between endothelial 

cells mediated by cytoskeletal remodelling (Partridge et al., 2022) and spontaneously recovers 

within ~4 days post-treatment (Lorenzo et al., 2019; Partridge et al., 2022; Sharabi et al., 2014). 

This controlled, transient disruption opens new therapeutic possibilities for targeted drug 

delivery to the brain, either alone or in combination with IRE and/or ECT (Campelo et al., 

2023).  
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Meanwhile, in vitro studies have often relied on established (i.e., commercially available) GB 

cell lines maintained in 2D cultures or embedded in hydrogels or multicellular spheroids, 

focusing on parameters such as permeabilization and viability. While these models have 

provided valuable insights into electroporation thresholds (Arroyo et al., 2025; Ivey et al., 2015; 

Murphy et al., 2022), they fail to capture the complexity of patient-derived tumour biology, 

cellular heterogeneity, and microenvironmental interactions. For example, Wang et al., 2025 

reported reduced invasion of U-87 MG cells after electroporation, an effect linked to 

downregulation of SIRT1 and SIRT2 and impaired mitochondrial function. In contrast, in our 

study using patient-derived GB cell lines, we observed increased invasion and no significant 

changes in any SIRT1–7 genes. These discrepancies likely reflect differences in pulse 

parameters, experimental conditions, and, perhaps most importantly, the use of immortalized 

U-87 MG cells versus patient-derived lines. Given the marked transcriptomic differences 

among GB cell types observed in our study, immortalized cell lines such as U-87 MG have 

limited ability to reproduce clinically relevant treatment responses, underscoring the 

importance of patient-derived models for translational electroporation research (Allen et al., 

2016). 

3.3.2 Electroporation-based therapies in GB treatment: Experimental plan using 

patient-derived 3D in vitro models 

The proposed future work builds on the findings of this dissertation by focusing on more 

complex and representative GB models, such as multicellular spheroids derived from patient 

GB cell cultures and patient-derived GB organoids. This step is critical for evaluating whether 

the mechanisms observed in simplified systems translate to biologically and clinically relevant 

conditions. These advanced models better capture the cellular heterogeneity, structural 

organization, and microenvironmental context of GB (Seidel et al., 2015), providing a more 

appropriate platform for evaluating treatment responses and refining electroporation-based 

therapeutic strategies. A schematic representation of the proposed experimental work is 

presented in Figure 5.  

 
Figure 5: Conceptual framework for studying electroporation in GB treatment. Electroporation offers therapeutic 

potential for GB through nonthermal ablation, precise targeting of defined treatment regions, potential synergy 

with chemotherapy and radiotherapy, and transient BBB disruption. However, challenges remain, including 

tumour heterogeneity, infiltrative growth, invasion, therapeutic resistance and recurrence, and the need to preserve 

healthy tissues. A multi-model approach incorporating primary GB cell spheroids, GB stem cells, tumour-derived 

GB organoids, healthy brain cell spheroids, and immune cells would enable a comprehensive investigation of how 

electroporation influences GB tumour cells and their surrounding microenvironment. Created in BioRender. 
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Future work should focus on evaluating the effects of electroporation on GB growth and 

invasion in physiologically relevant 3D models, with the aim of overcoming the limitations of 

2D and suspension models used in the present dissertation. This is particularly important given 

that, when electric pulses are applied in vivo, the electric field strength varies spatially, creating 

distinct regions where cells undergo either irreversible ablation and reversible permeabilization  

(Davalos et al., 2005), as illustrated in Figure 6. In the treatment of GB, this gradient is 

particularly relevant due to the tumour’s diffuse infiltration into surrounding brain tissue, which 

implies that many cells will be exposed only to reversible electroporation. Our recent findings 

raise concerns that cells surviving electroporation might exhibit enhanced tumour invasion. 

However, these effects may be overcome by ECT, which relies on transient membrane 

permeabilization to improve intracellular accumulation of poorly permeant cytotoxic agents 

such as bleomycin or cisplatin (Chen J. and Stubbe, 2005; Dasari and Tchounwou, 2014; Serša 

et al., 2006), but their efficacy and safety in GB remain to be systematically assessed, since all 

pre-clinical studies to date have been performed in rodent models inoculated with glioma-

derived cells. 

 

Figure 6: (A) Calculation of the inhomogeneous electric field distribution around a pair of needle electrodes in a 

tissue, exemplifying how the region of irreversible electroporation is surrounded by a region of reversible 

electroporation. (B) Schematic representation of how the percentage of permeabilized and dead cells increases 

with increasing electric field strength. Note that these curves, and the corresponding zones of (ir)reversible 

electroporation, depend on cell/tissue type and pulse parameters (Cemazar et al., 1998; Miklavčič et al., 2000). 

To address these gaps, we propose patient-derived multicellular spheroids as a more realistic in 

vitro platform that preserves tumour heterogeneity, cell–cell interactions, and the structural 

complexity of GB (Seidel et al., 2015). Spheroids can be prepared and exposed to electric pulses 

under conditions designed to mimic the heterogeneous electric field distribution observed in 

vivo. Treatment effects can be monitored through 3D viability and invasion assays, and the 

growth dynamics of spheroids presented in Figure 7. Both reversible and irreversible 

electroporation settings can be tested, alone and in combination with ECT using bleomycin 

and/or cisplatin, to identify protocols that effectively suppress spheroid growth and invasion 

while minimising the survival of potentially more aggressive residual tumour cells. 

Furthermore, our findings in patient-derived GB models highlight the importance of KCa 
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channels in the invasion process, suggesting that their pharmacological targeting using ion 

channel modulators might represent a promising direction for future investigation (Abed et al., 

2023). 

 

Figure 7: Growth dynamics of spheroids prepared from human colorectal carcinoma cell line (HCT116) following 

exposure to electric pulses of different amplitudes (Collin et al., 2022). 

Finally, we propose to incorporate the diverse tumour microenvironment of GB into these 

models to capture the interplay between cancer cells, healthy brain cells, and immune 

components, illustrated in Figure 8. It is important to emphasize that electroporation is the most 

efficient for immune activation among local ablation strategies (Zhang et al., 2022). 

Electroporation triggers immunogenic cell death and the release of damage-associated 

molecular patterns (DAMPs) and tumour antigens (Calvet and Mir, 2016; Justesen et al., 2022; 

Polajzer et al., 2020; Zhang et al., 2022), which stimulate innate and adaptive immune 

responses. Additionally, electroporation enhances infiltration of multiple immune cell types, 

including natural killer (NK) cells (Campelo et al., 2023; Pastori et al., 2024; Zhang et al., 

2022), which are of particular interest in GB due to their ability to eliminate tumour cells 

without prior sensitization and ability to bridge innate and adaptive immunity via secretion of 

IFN-γ and TNF-α (Breznik et al., 2022). To assess this, we propose co-cultures with naïve or 

IL-2–activated NK cells to evaluate electroporation-induced immune activation and infiltration 

of NK cells (Arciga et al., 2025; Ferioli et al., 2024; Justesen et al., 2022; Q. Pan Q. et al., 2020; 

Yang et al., 2019). Furthermore, we propose to design experiments that will compare NK cells 

added before or after electroporation, modelling their presence within the tumour or their 

recruitment post-treatment. These studies will provide insight on whether and to what extent 

electroporation can act as an immune-stimulating strategy in GB treatment. 
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Figure 8: Tumour microenvironment is a complex ecosystem containing different types of cancerous and non-

cancerous cells and the extracellular matrix (collagen, laminin, and proteoglycans). Created in BioRender. 

Given the pivotal role of glioblastoma stem-like cells (GSCs) in therapy resistance and 

recurrence, their response to electroporation also warrants detailed investigation, especially 

since GSCs are typically more invasive than differentiated GB cells (Cheng L. et al., 2011). 

Interestingly, Ivey et al., 2019 demonstrated that GSCs are as susceptible to H-FIRE ablation 

as differentiated tumour cells, while both are more susceptible than normal astrocytes —

presumably due to differences in nuclear size. However, GSCs were found less sensitive to H-

FIRE ablation than neuronal stem cells, highlighting the need for strategies that can target GSCs 

without damaging healthy neural progenitors. In future work, we propose to systematically 

assess GSC electrosensitivity, post-treatment self-renewal capacity, and invasion potential 

using spheroid-based electroporation protocols optimised in earlier experiments. These studies 

should examine changes in stemness markers (e.g., CD133, SOX2, NOTCH, OLIG2), evaluate 

clonogenic potential, and assess apoptosis following direct electroporation or exposure to stress 

signals such as DAMPs released from electroporated GB cells. This approach would clarify 

whether electroporation-induced tumour cell stress can influence GSC behaviour in ways that 

promote or inhibit recurrence. 

To achieve the most physiologically relevant in vitro conditions, we finally propose to utilize 

patient-derived GB organoids, which represent the highest level of model complexity currently 

achievable in vitro. These organoids closely mimic the architecture, cellular diversity, and 

microenvironment of human GB, incorporating tumour cells alongside non-malignant 

components such as endothelial and immune cells (Majc et al., 2024). This complexity enables 

the study of electroporation effects within a context that reproduces key features of in vivo 

tumour biology, including cell–cell interactions, gradients of nutrients and oxygen, and 

spatially heterogeneous treatment exposure. We propose to expose the organoids to 

electroporation parameters established in preceding spheroid experiments (with or without  

added pharmacological agents), enabling direct comparisons across models of increasing 

complexity. Treatment effects could be evaluated through comprehensive assessments of cell 

membrane permeabilization, viability, apoptosis, and invasion, as well as immunofluorescence 

analyses to identify cell type–specific responses within the organoid. By capturing the interplay 

between diverse cellular populations and their collective response to pulsed electric fields, this 

model could provide critical insights into both tumour-directed effects and the potential impact 
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on the surrounding brain microenvironment, thereby strengthening the translational relevance 

of the findings. 
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4 CONCLUSIONS 

 

This doctoral dissertation investigated the regulation of TMV after electroporation and its 

functional consequences in cells, with a particular focus on the role of ion channels. Across 

three independent, yet conceptually connected studies, electroporation was explored at multiple 

biological levels: from the biophysical mechanisms governing TMV changes up to 30 minutes 

following electroporation, through the tumour-specific adaptations of patient-derived GB cells 

exposed to reversible electroporation, to the pharmacological modulation of electroporation 

outcomes using an ion channel modulator, i.e., lidocaine. Together, these studies provide new 

mechanistic insights into how ion channels shape post-pulse TMV dynamics, demonstrate that 

surviving tumour cells can acquire a more invasive phenotype after sublethal pulse exposure, 

and highlight the potential of clinically approved drugs to fine-tune electroporation efficacy. 

The conclusions from this work can be summarized as follows: 

 

1. A single 100 µs electroporating pulse can lead not only to depolarization but also to 

sustained hyperpolarization in U-87 MG glioblastoma cells under controlled temperature 

(33 °C), while this effect is absent in CHO cells, and in both cell lines at room temperature 

(25 °C). TMV recovery after electroporation of U-87 MG cells follows a stepwise cascade, 

as shown experimentally and supported by a theoretical model. The sequence of events 

includes initial membrane permeabilization and depolarization, calcium entry, membrane 

resealing, and ion channel–mediated hyperpolarization. The hyperpolarization is primarily 

driven by calcium influx and subsequent activation of KCa channels, although additional ion 

channels (e.g., chloride channels) may also contribute. 

2. While the FMP dye allowed detection of sustained hyperpolarization, it also presents 

challenges: its fluorescence depends on a quenching mechanism that may be disrupted if 

the quencher enters the cytosol during increased membrane permeability, particularly at 

higher pulse amplitudes or with different parameters. Alternative dyes such as FluoVolt and 

ElectroFluor630 exhibited major drawbacks (signal drift, internalization, low sensitivity, 

phototoxicity). These limitations highlight the need for improved TMV monitoring tools, 

with genetically encoded voltage indicators offering a promising, yet untested alternative 

for electroporation studies. 

3. Reversible electroporation enhances invasion of surviving GB cells in a cell line–dependent 

manner. In patient-derived GB cell lines (NIB140 CORE and NIB216 CORE), H-FIRE 

pulses at 1.0 kV/cm increased invasion while minimally affecting cell viability. The effect 

was cell line–dependent, with NIB140 CORE showing a strong 3.74-fold increase in 

invasion, and NIB216 CORE a more modest 30 % increase. Transcriptomic profiling 

revealed distinct adaptive responses to sublethal electroporation. NIB140 CORE cells 

upregulated genes linked to ion channel activity and extracellular matrix remodelling, 

indicating invasion-related changes. NIB216 CORE displayed a transcriptional signature 

consistent with cytoskeletal disruption and stress-induced signalling. Surviving GB cells at 

the reversible electroporation margins may develop a more invasive phenotype, potentially 

accelerating tumour progression. This suggests that combining electroporation with 
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chemotherapeutics or ion channel modulators may represent a better treatment option than 

relying on IRE alone in infiltrative tumours. 

4. Pharmacological modulation can influence electroporation responses. Lidocaine influenced 

membrane permeabilization and survival in a concentration- and cell type-dependent 

manner. At 10 mM, effects were modest; at 35 mM (1 %), lidocaine significantly reduced 

survival in B16-F1 melanoma cells and lowered IRE thresholds. The cytotoxic effect likely 

resulted from intracellular accumulation of lidocaine during permeabilization in addition to 

membrane or channel interactions. Theoretical modelling showed that 35 mM lidocaine 

could expand the IRE zone nearly two-fold. However, the clinical relevance of these in vitro 

findings remain to be tested in vivo, since even concentrations of 10 mM exceed those 

reported in tissues following local administration of lidocaine.  

5. Ion channels appear as important regulators of electroporation outcomes. Their importance 

was shown in shaping long-term changes in TMV following electroporation, and further 

supported by transcriptional adaptations after sublethal exposure. Thus, ion channels could 

potentially serve as targets for pharmacological sensitization to enhance or refine 

electroporation outcomes. Future work should therefore prioritise testing these mechanisms 

in complex, patient-derived 3D glioblastoma models, such as multicellular spheroids and 

organoids, to strengthen the translational relevance of the research.  
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5 ORIGINAL SCIENTIFIC CONTRIBUTIONS 

This doctoral dissertation provides novel insights into the regulation of TMV after 

electroporation and its functional consequences in cells, with a particular emphasis on the role 

of ion channels. Across three complementary studies, electroporation was investigated at 

multiple biological levels—ranging from the biophysical mechanisms that shape TMV 

dynamics immediately after pulse delivery, to adaptive responses in glioblastoma cells, and the 

impact of pharmacological ion channel modulation on electroporation outcomes. 

Long-term changes in transmembrane voltage after electroporation are governed by an 

interplay between nonselective leak current and ion channel activation. The first study 

demonstrated that electroporation does not merely induce transient membrane depolarization 

but can also trigger prolonged membrane hyperpolarization persisting for several minutes after 

exposure to an external electric field. These long-term changes were found to depend on ion 

channel activity, in particular calcium-activated potassium (KCa) channels, as confirmed by 

experimental measurements and theoretical modelling. The study further highlighted 

methodological limitations in monitoring TMV over extended periods, since currently available 

potentiometric dyes exhibit considerable drawbacks when applied to electroporation research. 

Electroporation can enhance the invasive potential of surviving glioblastoma cells. The 

second study investigated how reversible electroporation influences the behaviour of 

glioblastoma cells that survive electric field exposure. Clinically relevant, patient-derived 

glioblastoma cell lines were used, providing direct translational value. The results showed that 

surviving tumour cells may adopt a more invasive phenotype. Transcriptomic analyses revealed 

altered expression of ion channels and extracellular matrix components, pointing to an adaptive 

cellular response. This work was the first to clearly demonstrate the potential risks associated 

with reversible electroporation in the treatment of infiltrative tumours. However, confirming 

these findings will require additional experiments using more complex and clinically 

representative 3D models, such as multicellular spheroids or organoids. 

Lidocaine, an ion channel modulator used for local anaesthesia, can influence 

electroporation outcomes in a concentration-dependent manner. The third study explored 

the pharmacological modulation of cellular responses to electroporation using lidocaine, a 

clinically approved sodium channel blocker. The results showed that lidocaine could slightly 

enhance cell permeabilization and more strongly reduce cell survival after electroporation, but 

these effects were dependent on the applied concentration. Importantly, the concentration at 

which a pronounced effect on survival was observed (35 mM) is an order of magnitude higher 

than the concentrations typically present in tissue within minutes after injection. Therefore, the 

clinical relevance of these findings should be further verified in preclinical or clinical studies. 
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6 SUMMARY 

 

6.1 SUMMARY 

This dissertation explored how electroporation affects the regulation of TMV and how these 

changes translate into functional and clinically relevant outcomes. Across three interconnected 

studies, the work progressed from basic mechanisms of TMV recovery to tumour-specific 

adaptations and pharmacological strategies aimed at modulating electroporation responses. 

Together, these investigations highlight an important role of ion channels in shaping 

electroporation outcomes and their potential as therapeutic targets. 

The first study clarified the mechanisms underlying long-term (i.e., lasting up to 30 minutes) 

TMV changes following electroporation. Traditionally, electroporation has been associated 

with transient membrane permeabilization and depolarization, which is followed by resealing 

and restoration of the resting TMV. However, our study revealed that a single 100 µs pulse can 

induce sustained hyperpolarization following the initial depolarization phase in U-87 MG GB 

cells under controlled temperature conditions (33 ˚C), which was not detected in CHO cells or 

at room temperature (25 ˚C). This finding challenged the conventional view and built on earlier 

observations suggesting that post-pulse TMV dynamics cannot be explained by nonselective 

ion leakage alone (Burke et al., 2017). Through a combination of propidium iodide uptake and 

calcium imaging, the study confirmed that electroporation triggers a rapid and transient increase 

in membrane permeability and calcium influx. Importantly, the calcium signal served as a 

trigger for activating calcium-dependent ion channels, which in turn produced prolonged 

hyperpolarization after the membrane resealed. A theoretical model supported these findings, 

demonstrating that calcium-activated conductance alone could account for the observed TMV 

changes. Pharmacological experiments further validated this mechanism. Inhibitors of KCa 

channels reduced the hyperpolarization amplitude, confirming their involvement in shaping 

TMV recovery. However, the effect could not be fully abolished, suggesting additional 

contributions from other channels, such as chloride channels (Blažič et al., 2025a). 

Building on these mechanistic insights in U-87 MG, the second study investigated whether 

reversible electroporation alters GB cell behaviour. Using patient-derived GB models, the work 

examined how cells exposed to sublethal pulse conditions respond in terms of invasion. Two 

highly invasive GB cultures were selected from a panel of patient-derived lines. When exposed 

to H-FIRE pulses at 1.0 kV/cm, both models showed effective permeabilization with negligible 

loss of cell viability, confirming that the treatment was reversible, i.e. sublethal. Remarkably, 

both cultures displayed increased invasion 24 hours later. The effect was particularly 

pronounced in one cell line (NIB140 CORE), where it resulted in a 3.74-fold increase in the 

number of invading cells compared to controls, while the other cell line (NIB216 CORE) 

showed a more modest increase. Transcriptomic profiling of NIB140 CORE revealed 

upregulated genes linked to ion transport and extracellular matrix organization, while NIB216 

CORE showed signatures of cytoskeletal stress and altered membrane communication. These 

findings underscore a clinical concern that needs to be further investigated in more clinically 

relevant 3D models, such as multicellular spheroids and organoids. Nevertheless, our findings 
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indicate the rationale for combining electroporation with cytotoxic agents, as in 

electrochemotherapy, or with ion channel-targeting drugs to mitigate pro-invasive behaviour. 

The third study examined whether pharmacological agents could be leveraged to modulate 

electroporation outcomes. Specifically, it revisited lidocaine, a clinically approved sodium 

channel blocker commonly administered as a local anaesthetic before ECT or GET (Gehl et al., 

2018; Mir et al., 2006). Previous studies had suggested that lidocaine could sensitize cells to 

electroporation, but their conclusions were limited by methodological inconsistencies (Grys et 

al., 2014; Pan F. et al., 2020; Sherba et al., 2020). To provide a systematic evaluation, four cell 

lines were selected to represent different clinical and mechanistic contexts: B16-F1 melanoma 

cells relevant for electrochemotherapy, C2C12 myoblasts as a model for gene electrotransfer, 

CHO-K1 cells with low ion channel expression, and NS-HEK cells stably expressing NaV1.5 

channels. Cells were exposed to standard pulse protocols in both physiological and low-

conductivity buffers, with lidocaine tested at 10 mM and 35 mM concentrations. Lidocaine at 

10 mM modestly reduced electric field thresholds for permeabilization and survival (<20 %), 

while 35 mM induced a stronger sensitizing effect in melanoma cells, where irreversible 

thresholds decreased by up to 40 %. These effects were cell-type dependent, reflecting the 

complexity of lidocaine’s action. A theoretical model further suggested that lidocaine could 

expand the predicted irreversible electroporation zone, although such high concentrations 

(35 mM) likely exceed clinically relevant levels. However, even a modest increase in 

permeability could significantly affect the chemotherapeutic uptake and therefore influence the 

electroporation efficacy.  

Taken together, these three studies outline a coherent trajectory from mechanism to application. 

The first investigation demonstrated that ion channels are key regulators of TMV recovery 

following electroporation in U-87 MG glioblastoma cells. The second showed that reversible 

electroporation can induce transcriptomic reprogramming and promote invasion in patient-

derived GB models, again implicating ion channels in the response. The third demonstrated that 

pharmacological agents such as lidocaine could modulate electroporation outcomes, offering a 

potential avenue to enhance efficacy or mitigate risks. Overall, these findings demonstrate that 

electroporation should be regarded not as a brief physical perturbation, but as a biologically 

active process that recruits complex cellular pathways extending beyond pulse delivery. Most 

importantly, ion channels play a central role in this response, shaping TMV, influencing cellular 

behaviour, and offering potential pharmacological targets.  
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6.2 POVZETEK 

 

6.2.1 Uvod v celično elektrofiziologijo 

6.2.1.1 Uvod v celično elektrofiziologijo 

Transmembranska napetost (TMN) se nanaša na razliko električnega potenciala prek celične 

membrane in je temeljna biofizikalna lastnost vseh živih celic. Z vidika fizike je izraz 

"transmembranska napetost" natančnejši od alternativnega izraza "membranski potencial", saj 

je razlika električnega potenciala po definiciji napetost. V besedilu bomo zato uporabljali izraz 

TMN. Pri opisovanju kratkotrajne spremembe v TMN pri vzdražnih celicah, ki jo poznamo pod 

izrazom "akcijski potencial", pa se bomo držali le-tega izraza zaradi njegove ustaljene rabe v 

znanstveni literaturi.  

Nastanek TMN je posledica selektivne prepustnosti lipidnega dvosloja ter delovanja ionskih 

kanalov, črpalk in transporterjev, kar povzroči neenakomerno porazdelitev ionov prek 

plazemske membrane (Alberts, 2015; Hille, 2001). Posledično je notranjost večine 

evkariontskih celic v mirovanju električno bolj negativna od zunanjosti. Ker se po dogovoru 

TMN meri od notranjosti proti zunanjosti celice, je TMN negativna, njene vrednosti pa se glede 

na celični tip gibljejo med -10 in -95 mV (Hille, 2001; Neuroscience, 2004; Wright, 2004). 

Električno napetost v mirovanju imenujemo kar mirovna transmembranska napetost.   

Za celovito razumevanje TMN ni dovolj zgolj osnovna opredelitev, temveč tudi poznavanje 

njene vloge, ki je različna v vzdražnih in nevzdražnih celicah. V nevzdražnih celicah TMN 

sodeluje pri uravnavanju celičnega volumna, transporta veziklov in celičnega cikla, medtem ko 

je v vzdražnih celicah, kot so nevroni, mišične in nevroendokrine celice, nepogrešljiva tudi pri 

nastanku akcijskega potenciala in prenosu električnih signalov (Alberts, 2015; Blackiston in 

sod., 2009; Hille, 2001).  

Medsebojno delovanje ionskih gradientov, prepustnosti membrane in signalnih poti omogoča, 

da TMN deluje kot občutljiv pokazatelj fiziološkega stanja celice ter njenega odziva na 

spremembe v znotrajceličnem in zunajceličnem okolju. Spremembe TMN, prehodne ali trajne, 

imajo osrednjo vlogo pri uravnavanju celične komunikacije in prilagoditvenih odzivov, 

vključno s proliferacijo, z diferenciacijo in napredovanjem skozi celični cikel (Alberts, 2015; 

Blackiston in sod., 2009; Hille, 2001).  

6.2.1.2 Celični mehanizmi nastanka in vzdrževanja TMN  

Mirovna TMN se vzpostavi in ohranja s kombinacijo aktivnih in pasivnih mehanizmov. Pri tem 

ima ključno vlogo natrij-kalijeva črpalka, ki z aktivnim transportom ob uporabi adenozin 

trifosfata (ATP) prenaša tri natrijeve ione (Na+) iz celice in dva kalijeva iona (K+) v celico. 

Tako nastaja neravnovesje, pri katerem se povečuje zunajcelična koncentracija natrijevih ionov 

(Na+) in znotrajcelična koncentracija kalijevih ionov (K+). Ker črpalka iz celice odstrani več 

pozitivnih nabojev, kot jih vnese, postane notranjost električno negativno nabita. Ta aktivni 

transport tako vzpostavlja elektrokemični gradient za natrij (Na+) in kalijeve (K+) ione, ki 

predstavlja osnovo mirovne TMN (Alberts, 2015; Kotnik in sod., 2019).  
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Slika 9: Celični mehanizmi nastanka in vzdrževanja TMN. 

Pomemben prispevek k mirovni TMN imajo tudi kalijevi kanali, zlasti tisti, ki omogočajo 

pasivno uhajanje kalijevih ionov iz celice, t. i. stalno prepustni kalijevi kanali (angl. potassium 

leak channels). Ker je membrana v mirovanju selektivno bolj prepustna za kalijeve (K+) ione 

kot za druge ione, se TMN pogosto približa ravnotežni TMN kalija. Uhajanje kalijevih (K+) 

ionov iz celice zaradi koncentracijskega gradienta tako dodatno prispeva k vzpostavitvi 

negativne mirovne TMN (Alberts, 2015; Hille, 2001; Wright, 2004). 

Pri regulaciji mirovne TMN sodelujejo tudi navznoter usmerjevalni kalijevi kanali (angl. 

inward-rectifier potassium channels; Kir). Njihovo napetostno odvisno delovanje omogoča 

omejen iztok kalijevih (K+) ionov v bližini mirovne TMN, medtem ko se pri bolj depolariziranih 

napetostih postopoma zapirajo. Na ta način Kir kanali preprečujejo izrazite depolarizacijske 

premike in prispevajo k vzdrževanju mirovne TMN (Alberts, 2015; Hille, 2001; Wright, 2004).  

TMN je kvantitativno opisana z Goldman–Hodgkin–Katzovo enačbo, ki upošteva prepustnost 

membrane za glavne ione, kalijeve (K+), natrijeve (Na+) in kloridne (Cl-), ter njihove 

znotrajcelične in zunajcelične koncentracije. Goldman–Hodgkin–Katzova enačba tako 

predstavlja razširitev Nernstove enačbe, ki opisuje ravnotežno TMN le za posamezni ion, in 

omogoča celovitejše razumevanje porazdelitve napetosti v celici (Hille, 2001). Ker je 

membrana v mirovanju najbolj prepustna za kalijeve (K+) ione, ima prav kalijev gradient 

največji vpliv na vzdrževanje TMN, medtem ko sta prispevka natrijevih (Na+) in kloridnih     

(Cl-) ionov manj izrazita. Prispevek kalcijevih ionov (Ca2+) k mirovni TMN je običajno 

zanemarljiv, saj sta njegovi zunajcelični in znotrajcelični koncentraciji znatno nižji od 

koncentracije kalijevih (K+), natrijevih (Na+) in kloridnih (Cl-) ionov. Vseeno pa kalcij deluje 

kot eden od ključnih sekundarnih prenašalcev (angl. secondary messenger) pri znotrajcelični in 

medcelični komunikaciji.  

Električne lastnosti plazemske membrane določata njena kapacitivnost in upornost. 

Kapacitivnost izhaja iz dielektričnih lastnosti lipidnega dvosloja in določa, koliko naboja je 

potrebnega za spremembo TMN. Nasprotno pa je upornost membrane v glavnem odvisna od 

funkcionalnega stanja ionskih kanalov, ki nadzorujejo hitrost pretoka ionov skozi membrano. 

Skupaj te električne lastnosti prispevajo k vzdrževanju mirovne TMN in uravnavajo njeno 
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dinamiko, ki je bistvena za odzivnost celice na zunanje dražljaje, ohranjanje notranje 

homeostaze ter učinkovito prevajanje signalov in celični transport (Hille, 2001; Wright, 2004).  

6.2.1.3 Celični odzivi na spremembe v TMN 

TMN ni zgolj pasivna električna lastnost, temveč predstavlja ključni regulator celičnih 

aktivnosti. Najhitrejše in najbolje pojasnjene spremembe TMN so akcijski potenciali, ki so 

osnova električnega signaliziranja v vzdražnih celicah. Gre za hitre in prehodne spremembe 

napetosti na plazemski membrani, ki nastanejo zaradi usklajenega odpiranja in zapiranja 

napetostno odvisnih ionskih kanalov, predvsem natrijevih, kalijevih in kalcijevih. Akcijski 

potenciali omogočajo hitro komunikacijo in tako zagotavljajo bistvene fiziološke funkcije, kot 

so prevajanje živčnih impulzov, krčenje mišic in uravnavanje srčnega ritma. Časovni potek teh 

dogodkov je tesno povezan z natančno regulacijo TMN, kar poudarja njen osrednji pomen pri 

delovanju vzdražnih tkiv (Armstrong in Hille, 1998; Hille, 2001). 

Poleg hitrih električnih signalov lahko tudi trajnejše ali postopne spremembe TMN pomembno 

vplivajo na celično delovanje. V celicah v proliferacijski fazi je depolarizacija membrane 

pogosto povezana z vstopom v celični cikel (Blackiston in sod., 2009; Sachs in sod., 1974; 

Yang in Brackenbury, 2013), medtem ko je hiperpolarizacija navadno povezana z izstopom iz 

celičnega cikla ali z diferenciacijo (Sachs in sod., 1974; Sundelacruz in sod., 2009). Spremembe 

TMN so značilne tudi za apoptozo, kjer iztok kalijevih (K+) in vdor kalcijevih (Ca2+) ionov 

delujeta kot zgodnja signala, ki sprožita aktivacijo celične smrti. Ti napetostno-odvisni 

mehanizmi potrjujejo, da je pomen TMN večplasten: sega od hitrega električnega signaliziranja 

do dolgoročnega uravnavanja genskega izražanja in presnovnih procesov (Blackiston in sod., 

2009; Bortner in Cidlowski, 2007; Franco in sod., 2006). 

Širše gledano ionski kanali usklajujejo znotrajcelične in zunajcelične signale ter povezujejo 

nihanja TMN z različnimi celičnimi odzivi. Uravnavajo ne le električno vzdražnost, temveč 

tudi procese, povezane s celično smrtjo, medcelično komunikacijo in prilagoditvijo na stres. 

Zato motnje v izražanju ali delovanju ionskih kanalov vse pogosteje povezujemo s patološkimi 

stanji, med drugim z rakom, nevrodegenerativnimi boleznimi, epilepsijo in s srčno-žilnimi 

obolenji (Amin in sod., 2010; Lerche in sod., 2013; Yang in Brackenbury, 2013). 

6.2.2 Uvod v elektroporacijo 

Elektroporacija, imenovana tudi elektropermeabilizacija, je pojav, pri katerem izpostavitev 

celic dovolj močnemu zunanjemu električnemu polju povzroči začasno povečanje prepustnosti 

plazemske membrane. Gre za vsestransko metodo, ki jo je mogoče uporabiti pri praktično vseh 

vrstah celic, vključno z evkariontskimi celicami, bakterijami in arhejami. Plazemska membrana 

se obnaša kot tanek dielektrični sloj, kar pomeni, da ločuje naboj na zunanji in notranji strani 

membrane, zato izpostavitev zunanjemu električnemu polju omogoča nastanek vsiljene TMN. 

Ko ta doseže dovolj visoke vrednosti, pride do poškodb na ravni plazemske membrane oziroma 

do nastanka por, ki omogočijo povečan prehod ionov in različnih molekul, med drugim barvil, 

protiteles, oligonukleotidov, ribonukleinske kisline (angl. ribonucleic acid; RNA) in 

deoksiribonukleinske kisline (angl. deoxyribonucleic acid, DNA) (Kotnik in sod., 2019).  
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V evkariontskih celicah je mirovna TMN običajno med –10 in –95 mV, odvisno od celičnega 

tipa, kar pomeni, da je notranjost celice električno bolj negativna nabita od njene zunanjosti 

(Hille, 2001; Neuroscience, 2004; Wright, 2004). Med izpostavitvijo električnemu polju lahko 

vsiljena TMN preseže več sto milivoltov, kar povzroči strukturne spremembe v membrani 

(Benz in Zimmermann, 1980). Ali bo elektroporacija reverzibilna ali ireverzibilna, je odvisno 

od jakosti električnega polja, trajanja, števila in ponavljalne frekvence uporabljenih pulzov ter 

drugih eksperimentalnih dejavnikov. Pri reverzibilni elektroporaciji se membrana po koncu 

izpostavitve zaceli, homeostaza se ponovno vzpostavi in celice preživijo, medtem ko pri 

ireverzibilni elektroporaciji poškodba privede do izgube homeostaze, kar vodi v procese celične 

smrti, kot je prikazano na Sliki 10 (Kotnik in sod., 2019). 

 

Slika 10: Shematski prikaz učinkov električnega polja na celico, ki lahko vodijo v reverzibilno oziroma 

ireverzibilno elektroporacijo. 

Elektroporacija se uporablja na številnih področjih. V biotehnologiji omogoča 

elektrotransformacijo, inaktivacijo mikroorganizmov, ekstrakcijo biomolekul ter pospešeno 

sušenje biomase (Kotnik in sod., 2015). Pomembno vlogo ima tudi v prehrambeni industriji, 

kjer omogoča izboljšano ekstrakcijo sokov, povečuje izkoristek dragocenih spojin ter 

optimizira procese, kot so dehidracija, krioprezervacija, biorafinerijski postopki in predelava 

mesa (Mahnič-Kalamiza in sod., 2014).  

Na področju medicine odpira elektroporacija nove terapevtske možnosti, med katerimi so 

genska elektrotransfekcija oziroma elektroprenos genov, elektrokemoterapija ter netermična 

ablacija tumorjev ali aritmogenega srčnega tkiva z uporabo ireverzibilne elektroporacije (Chun 

in sod., 2024b; Geboers in sod., 2020; Lambricht in sod., 2016; Sardesai in Weiner, 2011; 

Sugrue in sod., 2018; Yarmush in sod., 2014). Natančnost in minimalna invazivnost teh 

postopkov sta bistveno prispevali k vse širši uporabi elektroporacije v kliničnem okolju. 
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6.2.3 Raziskovalni cilji naloge 

Ob izpostavitvi celice zunanjemu električnemu polju se lipidni dvosloj obnaša kot kondenzator, 

kar povzroči hitro kopičenje naboja na obeh straneh membrane in posledično povečanje TMN. 

Vsiljena TMN se vzpostavi s karakterističnim časom polnjena membrane (𝜏𝑚), ki znaša od 

nekaj sto nanosekund do mikrosekund, in je prisotna le med izpostavitvijo zunanjemu 

električnemu polju (Kotnik in sod., 2010; Pucihar in sod., 2009). Za okroglo celico v 

homogenem električnem polju vsiljeno TMV (∆𝑉𝑚 ) lahko ocenimo s Schwanovo enačbo: 

 ∆𝑉𝑚 =
3

2
𝐸𝑅𝑐𝑒𝑙𝑖𝑐𝑒 cos 𝜃 (1 − 𝑒𝑥𝑝(−𝑡/𝜏𝑚)) … (3) 

kjer je:  

 

Vm inducirana transmembranska napetost (V), 

E  jakost električnega polja (V/m),                       

Rcelice polmer celice (m),   

𝜃 kot med smerjo električnega polja in točko na celični membrani,   

t čas od začetka izpostavitve celic električnemu polju (s),  

𝜏𝑚 časovna konstanta polnjenja membrane (s). 

 

Vsiljena TMN je sorazmerna z jakostjo električnega polja in polmerom celice, največje 

absolutne vrednosti pa doseže na mestih, kjer je električno polje pravokotno na membrano (θ = 

0° in θ = 180°), medtem ko se drugod spreminja sorazmerno s kosinusom kota θ. Če vsiljena 

TMN preseže kritični prag – običajno med 0,2 in 1 V (Tsong, 1991) – pride v plazemski 

membrani do nastanka por, ki omogočijo prehod ionov in molekul, ki sicer membrane ne 

prehajajo. Vrednost vsiljene TMN je odvisna od parametrov, kot so amplituda in trajanje pulza 

ter velikost in oblika celice. Čeprav vsiljena TMN po koncu pulza hitro upade (s časom 

praznjenja membrane), lahko povečana prepustnost membrane in njene fiziološke posledice 

trajajo precej dlje (Kotnik in sod., 2019). Te posledice vključujejo porušenje ionskih gradientov 

in posledično depolarizacijo membrane. TMN torej ostane spremenjena še nekaj časa po 

izpostavitvi električnim pulzom.  

Dinamiko sprememb TMN po izpostavitvi električnim pulzom so preučevale številne študije. 

Elektrofiziološke meritve so pokazale, da po izpostavitvi nanosekundnim pulzom nevzdražne 

celice potrebujejo več kot 15 minut da povrnejo TMN na njeno mirovno vrednost (Pakhomov 

in sod., 2007). Podobno je bil z uporabo potenciometričnih barvil pokazan pojav podaljšane 

depolarizacije membrane po izpostavitvi pulzom dolžin 10 ns–10 ms pri različnih tipih celic 

(Dermol-Černe in sod., 2018). Depolarizacija membrane in spremembe v prožanju akcijskih 

potencialov so bile opažene tudi pri različnih tipih vzdražnih celic, vključno s kultiviranimi 

nevroni (Pakhomov in sod., 2017), primarnimi kardiomiociti (Chaigne in sod., 2022; Neunlist 

in Tung, 1997) in srčnim tkivom (Nikolski in Efimov, 2005). Sprva so podaljšano 

depolarizacijo pripisovali predvsem neselektivnemu toku, ki nastane zaradi povečane 

prepustnosti membrane zaradi nastanka por. Kasneje pa je bilo na glioblastomskih celicah 

U- 87 MG eksperimentalno pokazano, da tudi aktivnost ionskih kanalov igra pomembno vlogo 
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pri tem procesu. Z zaviralci napetostno odvisnih kalijevih in kalcijevih kanalov ter TRPM8 

kanalov so raziskovalci namreč uspeli zmanjšati amplitudo depolarizacije po izpostavitvi celic 

10 ns pulzu z jakostjo električnega polja 34 kV/cm pulzu (Burke in sod., 2017). 

Ker TMN deluje kot ključen regulator celične aktivnosti, je razumevanje ponovne vzpostavitve 

njenega ravnovesja po elektroporaciji bistveno za razlago funkcionalnih odzivov celic. Za ta 

namen je nujno razviti in uporabljati zanesljivo metodologijo, ki omogoča spremljanje 

dinamike sprememb TMN v minutah po izpostavitvi celic električnemu polju. Metoda vpete 

krpice membrane (angl. patch clamp) ostaja zlati standard za neposredno in zelo natančno 

merjenje TMN (Liu in Miller, 2020). Vendar je ta metoda invazivna in časovno zahtevna. Njena 

uporaba v raziskavah elektroporacije je dodatno omejena zaradi tveganja porušitve tesnega 

stika (angl. gigaseal) ob izpostavitvi visokonapetostnim pulzom ter zaradi omejitev parametrov 

pulzov, ki jih je mogoče dovesti brez poškodb ojačevalnikov (Pakhomov in sod., 2007; Wegner 

in sod., 2015). Zaradi teh omejitev so se kot neinvazivna alternativa uveljavila fluorescenčna 

barvila, občutljiva na napetost, ki omogočajo spremljanje TMN v realnem času. Njihova 

uporaba sega v 70. leta prejšnjega stoletja (Cohen in sod., 1974; Ross in sod., 1977), danes pa 

jih delimo v dve skupini: (i) počasi odzivna barvila, ki se prenašajo prek membrane z 

elektroforetskim mehanizmom, pri čemer se njihova fluorescenca spreminja sorazmerno z 

napetostjo, ter (ii) hitro odzivna barvila, ki se vgradijo v membrano in kažejo napetostno 

odvisne spremembe fluorescence. Slednja delujejo prek spektroskopskih premikov, orientacije 

ali dimerizacije, odvisnih od napetosti (Nikolaev in sod., 2023). V primerjavi z metodo vpete 

krpice membrane ta barvila omogočajo visoko zmogljivo in prostorsko ločeno spremljanje 

sprememb TMN v populacijah celic in ne le v posameznih celicah. Njihovo uporabo pa 

omejujejo številne pomanjkljivosti, kot so prerazporeditev barvila zaradi poškodbe membrane, 

fototoksičnost in fotobledenje, ki jih je treba skrbno upoštevati pri načrtovanju poskusov 

(Jensen, 2012), še posebej pri elektroporaciji celic.  

Če so ionski kanali res ključni pri regulaciji TMN po elektroporaciji, je smiselno preveriti, ali 

izpostavitev električnemu polju vpliva tudi na spremembe v izražanju genov. Pri komercialno 

dostopni celični liniji podganjih srčnih mioblastov H9c2 so raziskovalci že pokazali, da 

elektroporacija vpliva na izražanje podenot natrij-kalijeve črpalke in kalcijeve ATPaze 

sarkoplazemskega/endoplazemskega retikuluma (angl. sarcoplasmic/endoplasmic reticulum 

calcium ATPase) (Jan in sod., 2024). Prav tako bi bilo zanimivo ovrednotiti vpliv modulatorjev 

ionskih kanalov na celični odziv po elektroporaciji. To je klinično relevantno zlasti pri bolnikih, 

ki prejemajo zdravila tarčno usmerjena na ionske kanale (npr. zaviralce natrijevih ali kalcijevih 

kanalov). Ta lahko spremenijo dinamiko TMN, vnos kalcijevih (Ca2+) ionov in prepustnost 

membrane po pulzu (Lei in sod., 2018; Moller in Covino, 1988; Pan F. in sod., 2020). 

Na podlagi opisanega ozadja so bili cilji disertacije oblikovani tako, da celovito naslovijo vpliv 

elektroporacije na dinamiko TMN in z njo povezane celične odzive. Osredotočili smo se na tri 

vidike: (i) identifikacijo primernega potenciometričnega barvila za spremljanje sprememb 

TMN z uporabo fluorescenčne mikroskopije in razjasnitev poteka napetostnih sprememb po 

izpostavitvi celic električnemu polju, (ii) raziskovanje vpliva modulatorjev ionskih kanalov na 

spremembe TMN ter njihovo vlogo pri celičnih odzivih, kot sta povečana prepustnost 
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plazemske membrane in preživetje celic, ter (iii) ugotavljanje, ali elektroporacija povzroča 

spremembe v izražanju ionskih kanalov in membranskih črpalk, kar bi lahko prispevalo k 

dolgoročnim spremembam v celičnem vedenju, vključno z invazivnostjo tumorskih celic. 

6.2.4 Rezultati in diskusija 

6.2.4.1 Aktivnost ionskih kanalov kot regulatorjev dolgoročnih sprememb v TMN po 

elektroporaciji 

V prvi študiji smo se osredotočili na celične mehanizme, ki so odgovorni za spremembe TMN 

po izpostavitvi celic električnemu polju. Študijo so motivirali rezultati predhodnje raziskave 

(Burke in sod., 2017), ki so na celicah U-87 MG pokazali, da podaljšana depolarizacija po 

izpostavitvi nanosekundnemu pulzu ni le posledica neselektivnega prehajanja ionov skozi 

membrano, temveč vključuje tudi prepleteno aktivacijo ionskih kanalov. Medtem ko so prejšnje 

študije dosledno poročale, da elektroporacija povzroči depolarizacijo membrane, ki traja nekaj 

sekund do minut (Burke in sod., 2017; Dermol-Černe in sod., 2018; Pakhomov in sod., 2007a), 

je naša študija prva pokazala, da lahko začetni depolarizaciji sledi tudi faza hiperpolarizacije, 

ki traja do 30 minut po izpostavitvi celic električnemu polju (Blažič in sod., 2025a). V naši 

raziskavi smo pokazali, da lahko en sam 100 µs pulz pri kontrolirani temperaturi (33 °C) v 

glioblastomskih celicah U-87 MG sproži hiperpolarizacijo, medtem ko tega pojava nismo 

zaznali v celični liniji pridobljeni iz ovarijev kitajskega hrčka (ang. Chinese hamster ovary; 

CHO) ali pri sobni temperaturi (25 °C). To dodatno dokazuje, da so mehanizmi sprememb 

TMN po elektroporaciji kompleksnejši od samega neselektivnega toka skozi pore v membrani.  
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Slika 11: Vpliv temperature na odziv celic po elektroporaciji. Po izpostavitvi enemu pulzu (100 μs, 1,4 kV/cm; 

čas 1,5 min, označen s puščico) je bil odziv celic spremljan pri sobni (25 °C, sivo) in kontrolirani temperaturi 

(33 °C, rdeče). Prikazane so povprečne vrednosti iz vsaj 3 poskusov. a) Spremembe v transmembranski napetosti 

opazovane s fluorescenčnim barvilom FMP (angl. FLIPR membrane potential; komercialno uporabljen izraz in 

izraz uporabljen v članku). b) Povečanje prepustnosti celične membrane opazovano prek vnosa propidijevega 

jodida (PI) v celice. c) Povečanje znotrajcelična koncentracije kalcija, ki je bilo izmerjeno s pomočjo 

fluorescenčnega barvila Fluo-4. 

Za boljše razumevanje teh sprememb smo uporabili propidijev jodid (angl. propidium iodide; 

PI) kot pokazatelj prepustnosti membrane in barvilo Fluo-4 za spremljanje koncentracije 

znotrajceličnega kalcija. Rezultati so pokazali hitro povečanje vnosa propidijevega jodida in 

prehoden dvig koncentracije kalcija takoj po pulzu. Teoretični model je razkril dvofazno 

dinamiko sprememb v TMN: v zgodnji fazi prevladuje neselektivni tok skozi nastale pore, v 

kasnejši fazi po celjenju membrane pa postane odločilna aktivacija ionskih kanalov. Prav tako 

je model pokazal, da je za opaženo hiperpolarizacijo zadostna prisotnost in aktivacija od kalcija 

odvisnih kalijevih kanalov (angl. calcium-activated potassium channels; KCa). To smo potrdili 

tudi eksperimentalno z uporabo modulatorjev ionskih kanalov (TEA, penitrem A), ki so izrazito 

zmanjšali amplitudo hiperpolarizacije. Ker pa hiperpolarizacije ni bilo mogoče popolnoma 

odpraviti, prispevka drugih kanalov, kot so kloridni ionski kanali, ni mogoče izključiti 

(Catacuzzeno in sod., 2011). 
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Slika 12: Vpliv od kalcija odvisnih kalijevih kanalov (KCa) na spremembe TMN po elektroporaciji. a–c) Časovni 

potek transmembranske napetosti in znotrajcelične koncentracije kalcija, napovedan z modelom pri različnih 

vrednostih parametrov: a) različno število por, b) različne maksimalne prevodnosti KCa kanalov, c) različne 

vrednosti parametra k, ki opisuje hitrost celjenja membrane. d) Eksperimentalne meritve sprememb 

transmembranske napetosti pri celicah U-87 MG po pulzu (100 µs, 1,4 kV/cm) z uporabo fluorescenčnega barvila 

FMP v prisotnosti zaviralcev ionskih kanalov (TEA, Penitrem A, Verapamil). Podatki so prikazani kot povprečje 

± standardni odklon iz treh neodvisnih poskusov. 

Študija je hkrati opozorila na metodološke omejitve pri spremljanju dolgotrajnih (30-minutnih) 

sprememb TMN. Medtem ko je uporabljeno barvilo zanesljivo zaznalo hiperpolarizacijo, sta se 

FluoVolt in ElectroFluor630 izkazala za manj primerna zaradi bledenja fluorescenčnega signala 

in nizke občutljivosti, FluoVolt pa tudi zaradi fototoksičnosti. Omejitve FMP barvila ter izzivi 

pri uporabi genetsko kodiranih napetostnih indikatorjev (angl. genetically-encoded voltage 

indicators; GEVIs) poudarjajo potrebo po razvoju boljših orodij za dolgoročno spremljanje 

TMN v raziskavah elektroporacije. 

Ugotovili smo, da imajo ionski kanali in kalcijeva signalizacija ključno vlogo pri regulaciji 

dolgotrajnih (do 30 minut) sprememb TMN po elektroporaciji. Povezava med trajno 

hiperpolarizacijo in manj proliferativnim, bolj diferenciranim stanjem glioblastomskih celic pa 

nakazuje, da lahko spremembe TMN vplivajo tudi na vedenje tumorskih celic – zlasti prek KCa 

kanalov, ki so bili v drugih študijah že povezani z regulacijo invazije glioblastomskih celic 

(D’Alessandro in sod., 2019).  

6.2.4.2 Funkcionalne posledice reverzibilne elektroporacije: Spremembe v invazivnem 

vedenju glioblastomskih celic 

Na podlagi spoznanj iz prve študije smo v drugi raziskavi preučili, ali lahko izpostavitev celic 

reverzibilni elektroporaciji vpliva na vedenje tumorskih celic, ki preživijo zdravljenje. Prva 

študija je pokazala, da spremembe TMN v glioblastomskih celicah U-87 MG uravnava 

aktivnost ionskih kanalov, zlasti KCa kanalov, katerih aktivnost so predhodne študije že 

povezale s povečano invazijo glioblastomskih celic po obsevanju (Blažič in sod., 2025a; 

D’Alessandro in sod., 2019). Posledično nas je zanimalo ali elektroporacija lahko vpliva na 

invazijo tumorskih celic v klinično relevantnih modelih – primarnih humanih glioblastomskih 

celicah. 
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Slika 13: Pregled eksperimentalnega postopka za ovrednotenje vpliva elektroporacije na invazijo glioblastomskih 

celic, pridobljenih iz pacientov. a) V prvem sklopu smo preverili invazijo petih glioblastomskih celičnih linij brez 

izpostavitve električnemu polju in na podlagi najvišjega invazivnega potenciala izbrali NIB140 CORE in NIB216 

CORE. b) V drugem sklopu poskusov smo celice izpostavili električnemu polju in ovrednotili prepustnost 

membrane, preživetje celic, presnovno aktivnost ter spremembe v invazivnosti. Invazijo smo določili s pomočjo z 

migracijskega transwell testa (angl. transwell assay), proliferacijo pa z uporabo markerja Ki-67.  

Med petimi testiranimi celičnimi linijami sta bili zaradi najvišjega invazivnega potenciala 

izbrani liniji NIB140 CORE in NIB216 CORE. Obe sta bili izpostavljeni vlakom 

visokofrekvenčnih bifaznih pulzov dolžine 2 μs pri 1,0 kV/cm. Analiza z propidijevim jodidom 

in pretočno citometrijo je pokazala učinkovito povečano prepustnost plazemske membrane ob 

hkratnem ohranjanju preživetja celic, kar potrjuje izpostavitev reverzibilni elektroporaciji. 

Ocena invazije 24 ur po izpostavitvi celic električnemu polju je razkrila povečano invazivnost 

v obeh linijah: pri NIB140 CORE je bilo to povečanje izrazito (v mediani 3,74-kratno), medtem 

ko je NIB216 CORE pokazala skromnejši, a še vedno zaznaven, 30-odstotni porast. 
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Analiza transkriptoma je osvetlila molekularno ozadje teh razlik. V NIB140 CORE so se 

pokazale spremembe v izražanju genov; znižanje izražanja genov povezanih z zunajceličnim 

matriksom in povišano izražanje genov povezanih z ionskimi kanali (npr. KCNMA1 in 

KCNAB1). Ti izsledki se ujemajo s predhodnimi opažanji iz prve študije, kjer je pri celicah U-

87 MG vdor kalcija sprožil hiperpolarizacijo membrane prek aktivacije KCa kanalov. Nasprotno 

pa se je pri celični liniji NIB216 CORE izkazalo, da prihaja predvsem do sprememb v izražanju 

genov citoskeleta in signalizaciji povezani s stresnimi mehanizmi, kar kaže na drugačen 

prilagoditveni odziv. 

 

Slika 14: Elektroporacija poveča invazivni potencial glioblastomskih celic, pridobljenih iz pacientov. Lastnost 

invazije celic smo preverjali 24 ur po elektroporaciji z električnimi pulzi jakosti 1 kV/cm. a-b) Škatlasti diagrami 

prikazujejo število invazivnih celic glede na posamezno celično linijo: a) NIB140 CORE b) in NIB216 CORE. 

Siva barva označuje vzorce kontrole, modra (NIB140 CORE) oziroma roza (NIB216 CORE) barva pa tretirane 

vzorce. Vsaka skupina (REP1–REP3 predstavlja ločeno biološko ponovitev z 2–3 tehničnimi ponovitvami na 

biološko ponovitev. Vodoravna črta v polju označuje mediano, brki pa prikazujejo celoten razpon vrednosti. c) 

Relativno povečanje števila invazivnih celic po elektroporaciji v primerjavi s pripadajočo kontrolo. Podatki so 

prikazani kot povprečje ± SD iz treh bioloških ponovitev. d) Delež Ki-67–pozitivnih (proliferirajočih) celic v 

kontrolnih in elektroporiranih vzorcih. Vrednosti so v vseh pogojih ostale pod 10 %, kar potrjuje, da opaženo 

povečanje invazije ni posledica povišane proliferacije. e) Reprezentativna slika maske, dobljene po obdelavi slik, 
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na kateri so prikazana jedra pobarvana z barvilom Hoechst, ki prikazuje povečano invazijo pri celični liniji NIB140 

CORE po elektroporaciji.  

Študija opozarja na pomemben terapevtski izziv: celice na obrobju zdravljenega območja, kjer 

je električno polje nižje, lahko preživijo in se razvijejo v invazivnejši fenotip. V takih primerih 

reverzibilna elektroporacija namesto zaviranja napredovanja tumorja lahko prispeva k njegovi 

pospešitvi. To poudarja tveganja uporabe ireverzibilne elektroporacije brez dodatnih sredstev 

pri infiltrativnih tumorjih, kot je glioblastom (Garcia in sod., 2011; Latouche in sod., 2018; 

Rossmeisl in sod., 2015). Tveganje bi bilo mogoče zamejiti z elektrokemoterapijo, ki izkorišča 

reverzibilno elektroporacijo za povečanje vnosa in citotoksičnosti kemoterapevtikov, kot sta 

bleomicin ali cisplatin (Serša in sod., 2006). Pri tem pa moramo biti pozorni na uporabo 

zadostne koncentracije kemoterapevtskih sredstev. Poleg tega je pomembno poudariti, da 

elektroporacija povzroči začasno povečanje prepustnosti krvno-možganske pregrade, kar lahko 

izkoristimo za izboljšanje vnosa zdravil v centralni živčni sistem (Lorenzo in sod., 2019; 

Partridge in sod., 2022; Sharabi in sod., 2019). 

6.2.4.3 Vpliv modulatorjev ionskih kanalov pri odzivu celic na elektroporacijo 

S tretjo študijo smo želeli preučiti, ali zaviralec natrijevih kanalov lidokain lahko vpliva na 

permeabilizacijo in preživetje celic po elektroporaciji. Lidokain se rutinsko uporablja kot 

lokalni anestetik pred elektrokemoterapijo in genskim elektroprenosom (Gehl in sod., 2018; 

Mir in sod., 2006), zato je ključno razumeti, kako lahko vpliva na povečanje prepustnosti 

membrane in odziv celic pri teh postopkih. Prejšnje raziskave so sicer nakazovale, da bi lidokain 

lahko povečal učinkovitost terapij, ki temeljijo na elektroporaciji, vendar so bili izsledki teh 

raziskav omejeni zaradi metodoloških pomanjkljivosti (Grys in sod., 2014; Pan F. in sod., 2020; 

Sherba in sod., 2020).  

 

Slika 15: Shema eksperimentalnega načrta. Potek dela je obsegal štiri korake: a) 10-minutna inkubacija celic  

(B16-F1, C2C12, CHO-K1 ali NS-HEK) v izbranem elektroporacijskem mediju v prisotnosti oziroma odsotnosti 

lidokaina. b) Izpostavitev osmim električnim pulzom s trajanjem 100 µs pri frekvenci 1 Hz – v prisotnosti 

propidijevega jodida (PI) za analizo prepustnosti membrane ali brez PI za analizo preživetja celic. 

c) Določanje prepustnosti membrane z merjenjem vnosa PI 3 minute po elektroporaciji s pretočno citometrijo. 

d) Določanje preživetja celic 24 ur po elektroporaciji z obarvanjem s PI in štetjem neobarvanih živih celic s 

pretočno citometrijo. Prepustnost membrane in preživetje celic sta bila ovrednotena na ločenih vzorcih. 
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V naši raziskavi smo vpliv lidokaina na permeabilizacijo in preživetje ovrednotili v štirih 

celičnih linijah: B16-F1 – celice melanoma (model za ECT), C2C12 – mioblastne celice (model 

za GET), CHO-K1 – celice ovarija kitajskega hrčka, ki se odlikujejo po nizki izraženosti ionskih 

kanalov, in NS-HEK – z genskim inženirstvom razvita celična linija humanih embrionalnih 

ledvičnih celic (angl. human embryonic kidney cells; HEK cells), ki stabilno izražajo natrijeve 

napetostno odvisne kanale NaV1.5. Poskusi so bili izvedeni v nizkoprevodnem pufru in v 

Tyrodejevi raztopini. Lidokain je bil testiran v koncentracijah 10 mM (pogosto uporabljena 

koncentracija v in vitro raziskavah) in 35 mM (1 %, koncentracija raztopine za injiciranje). 

Elektroporacija je bila izvedena po standardnem pulznem protokolu, uporabljenem pri 

elektrokemoterapiji, tj. 8 × 100 µs pulzov pri 1 Hz.  

Pri koncentraciji 10 mM so bili učinki skromni, saj se je prag električne poljske jakosti potreben 

za 50 % permeabilizacijo in 50 % preživetje znižal zgolj za 16–18 %. Pri 35 mM pa je lidokain 

znatno znižal preživetje celic melanoma (B16-F1), kjer se je prag za ireverzibilno 

elektroporacijo znižal za 25–40 %. Citotoksičnost ni bila neposredna posledica povečane 

prepustnosti membrane, temveč znotrajcelične akumulacije lidokaina, ki je okrepila njegove 

toksične učinke opisane v predhodnih raziskavah. 

Obstaja več možnih mehanizmov, prek katerih lidokain lahko vpliva na permeabilizacijo 

membrane pri elektroporaciji, med drugim zmanjšanje površinskega naboja membrane, 

spremembe v fluidnosti in elastičnosti lipidnega dvosloja ter interakcije z napetostno odvisnimi 

natrijevimi kanali in membranskimi črpalkami (Grys in sod., 2014; Sherba in sod., 2020; Zhou 

in sod., 2020). Kljub temu pa natančen mehanizem ostaja nepojasnjen, saj so rezultati pokazali, 

da je bil odziv med posameznimi celičnimi linijami različen. Poleg tega so se kot pomembni 

dejavniki izkazali tudi eksperimentalni pogoji, kot so pH in prevodnost medija. V prihodnje bi 

bilo zato posebej zanimivo raziskati vpliv lidokaina na plazemsko membrano s pomočjo 

simulacij molekularne dinamike, ki bi omogočile vpogled v njegove interakcije z lipidnim 

dvoslojem na ravni atomov in molekul.  

Da bi ocenili klinično relevantnost pridobljenih rezultatov, smo računsko določili območje 

reverzibilne in ireverzibilne elektroporacije v poenostavljenem modelu tkiva na podlagi 

eksperimentalno določenih pragov električne poljske jakosti. Izračuni so pokazali, da lahko 

35 mM lidokaina več kot podvoji območje ireverzibilne elektroporacije. Vendar pa ostaja 

klinična relevantnost teh rezultatov vprašljiva, saj se lidokain po lokalnem injiciranju hitro 

razredči. Koncentracija lidokaina v tkivu nekaj minut po aplikaciji običajno dosega zgolj nekaj 

mM. Kljub temu bi lahko že zmerno povečanje prepustnosti membrane zaradi lidokaina lahko 

znatno izboljšalo privzem kemoterapevtikov v celice in s tem vplivalo na učinkovitost 

zdravljenja.  
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6.2.5 Izvirni prispevki k znanosti 

Ta doktorska disertacija prispeva nova spoznanja o uravnavanju transmembranske napetosti po 

elektroporaciji in njenih funkcionalnih posledicah v celicah, s posebnim poudarkom na vlogi 

ionskih kanalov. V treh med seboj dopolnjujočih se študijah smo elektroporacijo preučevali na 

več bioloških ravneh – od biofizikalnih mehanizmov, ki določajo dinamiko transmembranske 

napetosti neposredno po izpostavitvi električnemu pulzu, do prilagoditvenih odzivov tumorskih 

celic glioblastoma in vpliva lidokaina kot modulatorja ionskih kanalov na izid elektroporacije. 

Aktivnost ionskih kanalov je pomemben regulator dolgoročnih sprememb v 

transmembranski napetosti po elektroporaciji. V prvi študiji smo pokazali, da v 

glioblastomski celični liniji U-87 MG elektroporacija ne povzroča samo depolarizacije 

membrane, temveč lahko sproži tudi trajnejšo hiperpolarizacijo, ki vztraja več minut po 

izpostavitvi celic zunanjemu električnemu polju. Ugotovljeno je bilo, da ima aktivacija ionskih 

kanalov pomembno vlogo pri tovrstnih spremembah, predvsem od kalcija odvisnih kalijevih 

kanalov (KCa), kar je bilo potrjeno tako eksperimentalno kot s teoretičnim modeliranjem. Poleg 

tega je študija razkrila metodološke omejitve pri spremljanju dolgoročnih sprememb 

transmembranske napetosti, saj se obstoječa potenciometrična barvila soočajo s številnimi 

pomanjkljivostmi.  

Reverzibilna elektroporacija lahko poveča invazivne procese glioblastomskih celic. 

V drugi študiji smo preučevali, kako reverzibilna elektroporacija vpliva na vedenje 

glioblastomskih celic, ki preživijo izpostavljenost električnemu polju. Uporabljeni so bili 

klinično relevantni modeli – humane primarne glioblastomske celice, pridobljene od pacientov. 

Rezultati so pokazali, da lahko preživele tumorske celice pridobijo bolj invaziven fenotip. 

Spremembe v izražanju genov so razkrile predvsem vpletenost ionskih kanalov in spremembe 

v zunajceličnem matriksu. To delo je prvič jasno opozorilo na potencialna tveganja reverzibilne 

elektroporacije pri zdravljenju infiltrativnih tumorjev. Vendar pa bo za potrditev teh ugotovitev 

potrebno izvesti dodatne poskuse z uporabo bolj zapletenih in klinično reprezentativnih 3D 

modelov, kot so npr. večcelični sferoidi ali organoidi. 

Farmakološka modulacija z lidokainom lahko vpliva na učinkovitost elektroporacije. V 

tretji študiji smo raziskali farmakološko modulacijo odziva celic na elektroporacijo z 

lidokainom, zaviralcem natrijevih kanalov, ki se uporablja kot lokalni anestetik. Rezultati so 

pokazali, da lahko lidokain v manjši meri poveča permeabilizacijo celic in v večji meri zmanjša 

preživetje celic po elektroporaciji, vendar je ta vpliv odvisen od koncentracije lidokaina. 

Koncentracija lidokaina, pri kateri je bil izmerjen močan vpliv na preživetje celic po 

elektroporaciji (35 mM), za velikostni razred presega koncentracije, ki se običajno vzpostavijo 

v tkivu v nekaj minutah po injiciranju. Zato je potrebno klinično relevantnost teh rezultatov 

preveriti z nadaljnjimi predkliničnimi oz. kliničnimi študijami.  
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